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Aeronautics and Space Administration, Lewis Research Center, Materials
and Structures Division, Cleveland, Ohio, with Mr. R. F. Lark, Project
Manager.
The technical performance period of this program was from June 1,
1970 to August 31, 1971. The report was submitted for approval and
publication November 10, 1971.
Performance of this contract was under the direction of the
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and Mr. J. T. Hoggatt, Program Technical Leader. Major participants in
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Acoustic Emission Studies: E. J. Oberti
Mr. E. J. Oberti authored the acoustic emission section of the
report.
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1.0 INTRODUCTION
This program was originated to investigate the properties and
characteristics of a new fiber designated PRO 49-1*, for filament wound
composites. PRD 49-1 is an organic polymeric fiber with a nominal
modulus of elasticity of 15.2X10 n/m (22*10 psi), a nominal tensile
8 2
strength of 23.4x10
 n/m (340,000 psi) and a specific gravity of 1.48.
The fiber has a specific modulus which is three times and a specific
strength which is greater than that of S-glass, thereby offering good
potential as a reinforcement for filament wound pressure vessels.
Glass fibers have demonstrated their effectiveness as a reinforcement
for light-weight filament wound pressure vessels (Ref. 1-4). However,
the relatively low modulus of the S-glass fiber provides poor strain
compatibility between the vessel and its metallic liner (Ref. 2-3). In
fatigue applications the liner yields upon pressurization and fails in
a relatively few cycles. In theory the high modulus reinforcements,
such as graphite and boron, should minimize the strain compatibility
problem since the composites have a high modulus as well as a moderately
high specific strength. Unfortunately, fiber-to-fiber contact, briding
and pole-piece build-up all tend to substantially degrade the strength
of the high modulus filaments, resulting in premature failures and poor
efficiency in vessel applications (Ref, 5-9). The unique properties of
PRD 49-1 reinforcement provide a solution to many of these problems.
PRD 49-1 is a highly durable yarn which can literally be tied into
a knot and sustain a modest load. This is not possible with either high
modulus graphite or boron. The fiber has a reported useful temperature
range of -252°C (-423°F) to +240°C (+465°F); is compatible with most
organic resins; and can be filament wound using established techniques.
These features, combined with available flat laminate data (Ref. 8,11),
made the fiber appear highly suited to filament wound composite
structures, and provided the basis for this program.
An additional study was performed in conjunction with
the basic pressure vessel evaluation to evaluate the use of
*Developed and marketed by E. I. duPont Company
acoustic emission phenomenon as a nondestructive test technique for
filament wound tankage.
One of the main factors limiting the use of filament-wound
pressure vessels is reliability. It is a recognized practice to
pressurize a vessel to a proof pressure which is above the intended
operating pressure but considerably below the burst pressure of the
vessel. If the vessel successfully passes the proof pressure, it is
then assumed that the vessel is satisfactory for operation. Unfortu-
nately, one has no way to gage how much that particular vessel was
damaged during the proof testing. The safety factor intended for that
vessel may be significantly reduced. The risk is somewhat reduced in
single operation vessels (pressurized only once) but is high in multi-
cycle and long-term storage vessels. If the vessel is damaged during
proof testing and goes undetected, the anticipated fatigue life and/or
stress-rupture behavior of the vessel will be significantly reduced,
thereby jeopardizing the system or vehicle. Acoustic emission possibly
offers a nondestructive testing technique for predicting vessel strength
and fatigue life, and it is this potential that was assessed in this
contract.
2.0 SUMMARY
In this program a new fiber, PRD49-1, product of E. I. duPont, was
evaluated as a reinforcement for filament wound pressure vessels. The
technical effort was divided into three tasks. Task I was devoted to
studying the processing parameters for the fiber and generating prelimin-
ary design data. Under Task II a 4"-diameter pressure vessel design
was generated and fifteen vessels were fabricated. In Task III the
vessels were tested^ six were burst under static conditions and nine
were fatigue tested.
To establish suitable processing parameters for PRD49-1, the
effects of tension, fiber volume, and mandrel material were studied by
fabricating a series of NOL rings with two different resin systems, NASA
Resin System No. 2 and ERLA 4617/<r«- The composites were evaluated for
tensile strength, modulus and interlaminar shear strength at +21*C
(+70°F), -195°C (-320°F), and -252°C (-423°F). Results show«d that the
PRD49-1 reinforced composites at +21°C exhibited a specific strength of
fa ft ft
10.4x10 cm (4.1x10 inches) and a specific modulus of 7.4x10 cm (2.9x
8 f\ f\ ft
10 inches) compared to 8.3x10 cm (3.26x10 inches) and 2.8x10 cm
g
(1.1x10 inches), respectively for S-glass. The tensile strength and
interlaminar shear properties of the PRD49-1 composites remain relatively
constant between +21°C and -252°C. The tensile modulus shows approxi-
mately a 32% increase within that range.
A series of 10.1 cm diameter x 15.2 cm long pressure vessels were
fabricated and evaluated for static burst strength and fatigue charac-
teristics. In static burst, the PRD49-1 vessels demonstrated a specific
strength of 8.2x10 cm (3.23x10 inches) which is about the same as that
obtained with an S-glass vessel of eaual burst pressure. The specific
o
modulus of the PRD49-1, however, is nearly three times higher (9.04 x 10
D
cm versus 3.25x10 cm) than that of S-glass.
Vessels were pressure cycles at 60% and 90% of ultimate strength and
demonstrated very good fatigue characteristics. At 60% of ultimate, the
PRD49-1 vessels sustained 1000 cycles without failure. A burst test of
these same vessels showed no deterioration in modulus and approximately
a 22% increase in burst pressure. Fatigue tests at 90% of ultimate
strength showed that the PRD 49-1 vessels will withstand in excess of
30 cycles before failure, a performance which is ten times better than
that of S-glass vessels.
Each of the 15 pressure vessels studied in the program were
instrumented to record the acoustic emissions during test. This infor-
mation was recorded and evaluated for the purpose of assessing whether
or not this nondestructive technique could predict the quality or
behavior of a filament wound vessel. The technique gave indications
that it could indeed be used to predict the ultimate strength, but the
statistical sample size was too small to draw any firm conclusions.
3.0 TECHNICAL PROGRAM
The basic program was divided into three tasks. The objective of
Task I was to establish suitable filament winding parameters to be used
with the PRD49-1 fiber and then obtain basic property data on unidirectional
filament wound composites at 21°C (+70°F), -195°C (-320°F) and -252°C
(-423°F). The data and information from Task I was then used to design
and fabricate a series of 15 pressure vessels, which constituted Task II
of the program. Task III consisted of the test and evaluation of these
vessels. This section discusses the work performed and the data generated
under those three tasks.
3.1 - Processing and Property Investigation
In the initial phase of the program (Task I), processing
parameters were established for PRD49-1 by filament winding a series of
24 cylinders shown in Table I. The parameters evaluated were resin
selection (2 types); winding tension (2 levels); mandrel material (3
types) ; and fiber volume (2 levels).
The two matrix systems (both epoxy systems) were ERLA 4617/C2. and
a formulation designated Cryogenic Resin System No. 2 (Ref. 1) and
designated herein simply as Resin System No. 2. The ERLA 4617/C2, epoxy
resin system is a relatively rigid epoxy matrix having a modulus of
9 2 6
approximately 5.5x10 n/m (0.8x10 psi), while Resin System No. 2 is
9 2 6
more flexible matrix with a modulus of about 2.8x10 n/m (0.4x10 psi).
The formulations of both systems are shown in Table II.
The winding tensions selected were 75 grams/end and 240 grams/end.
The lower value was the minimum that could be used and still maintain
reasonable control of fiber placement and collimation. The latter value
approaches the maximum tension that could be applied to the yarn without
visually degrading the yarn due to excessive fiber breakage. The latter
value was obtained by pulling the dry yarn over a pulley under -tension
and noting'the degree1"of fiber breakage. An air gun directed at the yarn
aided in exposing the broken fibers.
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TABLE II - RESIN FORMULATION
SYSTEM MATERIAL
PARTS
BY WT SUPPLIER
ERLA 4617
m-phenylenediamine (Cl)
100
23.6*
Union Carbide Corp.
New York, N.Y.
Allied Chemical
New York, N.Y.
Epon 828
Empol 1040
Dodencenyl succlnic
anhydride
Benzyldimethyl amine
100
20
115.9
1.0
Shell Chemical Co.
Downey, Calif.
Emery Industries, Inc.
Cincinnati, Ohio
Allied Chemical Corp.
New York, N.Y.
Sumner Chemical Co.
New York, N.Y.
* Based on 27 parts per Assay wt. Assay wt. of resin was 114.
Three mandrel materials were evaluated. These were sand (with a
polyvinyl alcohol binder), water soluble plaster and Paraplast 36*. The
materials were selected based on their coefficient of thermal expansion
and represent a range of low to high expansion materials. The composi-
tion of the mandrel materials and casting procedures are given in detail
in Section 2.0, Appendix A.
The fiber volume of the composites was arbitrarily established at
45 + 2% and 65 ± 2%. • -
3.1.1 Specimen Fabrication^
A set of 24 cylinders was wound using the winding parameters
specified for each in Table I. Each cylinder had an inside diameter of
14.6 cm (5.75 inches) and was approximately 0.254 cm (0.10 inches) thick
and 7.60 cm (3 inches) long. The cylinders were wound at a traverse
rate of 1.01 cm/rev (.040 inches/rev), using preimpregnated roving
consisting of two single end yarns (The detailed impregnation and winding
procedures are presented in Section 3.0, Appendix A). The composite
cylinders were cured without vacuum bag or auxiliary pressure for two
hours at 66°C (150°F) and four hours at 148°C (300°F). Six NOL-ring
specimens were then cut from each cylinder for the determination of
tensile strength and modulus, interlaminar shear strength and residual
stress.
3.1.2 Test Procedures
A. Composite Tensile Strength Determination
Tensile strength determinations in this phase of the program were
made on a Case tensile tester using a standard NOL-type ring, 14.6 cm
(5.75 inches) I.D.x 0.254 cm (0.10 inches) thick x 0.64 cm (0.25 inches)
wide. A schematic of the Case tester is shown in Figure 4.1, Appendix
A. With the Case tester a load is applied by a plunger to a rubber ring
which expands with a poisson ratio effect, imposing a load on the test
ring. The stresses on the composite ring are calculated as follows:
*Trade Name - Product of Rezolin, Incorporated
8
K PR
s
° "V"
2
where: a = tensile stress (Newton/cm )
K = calibration constant
s
P = load at burst (Newtons)
R = mid-surface radius of test specimen (cm)
2
A = top surface area of rubber pressure ring (cm )
t = thickness of test specimen (cm)
During loading of the specimen, a small percentage of the applied
load is lost within the system due to internal friction and deformation
of the rubber ring and therefore a calibration constant, K , is required.
S
The value of K for this program was 0.89. The procedures employed in
S
obtaining the value for K and in the operation of the Case tester are
S
given in Section 4.1, Appendix A.
B. Modulus of Elasticity
The modulus of elasticity measurements were made on a composite
NOL-ring using the nondestructive ring displacement technique. With
this method, the ring is loaded at 2 points as shown in Figure 4.2,
Appendix A, and the ring deflection versus applied load is measured.
From these readings and the known ring dimensions the modulus of the
composite can be computed using the formula:
F _ v 1.786 (R3) ,K
E
 "
 Km 3 V
wt
where:
2
E = elastic modulus of composite test specimen (Newtons/cm )
K = calibration constant
m
R = mid-surface radius of test specimen (cm)
t = thickness of test specimen (cm)
w = width of test specimen (cm)
(—) = load versus deformation (average of 2 test runs) ( . ,—)
The detailed test procedure for conducting modulus measurements is
given in Section 4.3, Appendix A.
C. Residual Stress Measurements
Residual stress measurements were made by cutting an NOL-ring
specimen at one location and with the aid of a traversing microscope
measuring the breach or overlap of the ends. An opening of the ring '
indicated a residual tension stress on the outer fibers of the composite
ring while an overlapping indicated a compressive stress. The amount of
breaching or overlapping is a direct function of the magnitude of the
stresses which can be calculated as follows:
Calculate new diameter, d , of cu-t test specimen
L + W
d = d - S
 n
 C
n o n
Calculate the,surface strain, e, of the cut test specimen
t(do -
. d
o n
Calculate the residual flexural stress
a = e E where:
d = diameter of test specimen aftercutting (cm)
d = original diameter of test specimen (cm)
L = length of overlap (+) or breach (-) (cm)
S
W = width of saw kerf (cm)
c
e = surface strain
t = thickness of test specimen (cm)
2E = modulus of elasticity of test specimen (N/cm )
2
a = residual flexural stress (N/cm )
D. Interlaminar Shear Strength
The ILS strength of the unidirectional filament wound composites
was determined using the short-beam interlaminar shear method per ASTM
test method D2344-67. The shear specimens were cut from standard NOL-
rings. Tests were conducted at an head travel rate of 0.127 cm/minute
(.05 inches per minute).
10
E. Physical Property Determinations
Procedures used for determining resin content, specific gravity
and void content of the composites are given in Sections 4.6 and 4.7 of
Appendix A. Basically, resin content determinations were made using
nitric acid digestion and specific gravity obtained using the water
displacement technique. Void content was measured by two methods. The
first method utilized was to compute the void content from the known
specific gravities of the resin and fiber and the resin content of the
composite. With the second method, the composite was sectioned and the
void content measured optically. Both techniques compared favorably and
the average of several measurements reported.
3.1.3 Test Results
The test results of the 24 cylinders wound for the processing
studies are summarized in Table III with the individual results tabulated
in Tables IV and V. Figures 1 to 4 show a comparative illustration of
'the average results. The cylinder numbers shown in the respective
tables and figures correspond to the cylinder designations given in
Table I.
Certain trends in the datar are evident, but one or more
exceptions seem to exist for each of the observed trends, and no
single trend or pattern held throughout the entire 24 cylinders. The
results of cylinder 15 are not consistent with the other cylinders and
was obviously not a representative composite and is therefore disregarded
from any discussion.
A. Effect of Fiber Content
The fiber content of the ERLA 4617 composite cylinders (No. 13-18
with V = 45% and No. 19-24 with V = 65%) had no significant effect on
the ultimate fiber tensile stress (Figure 1). The fiber stresses in
both groups, with the exception of cylinders 22, 23 and 24, were around
the 20.7xl08 N/m (300,000 psi) level. The high void contents of
cylinders 22, 23 and 24 may have been the contributing factor to the
lower stresses (See Table III) in the composites. The high fiber volume
cylinders wound with Resin System No. 2 (No. 7-12) also had average
11
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8 2fiber stresses of approximately 20.7x10 n/m (300,000 psi), but the
O n
lower fiber volume cylinders (No. 1-6) averaged about 17.2x10 n/m
(250,000 psi). In the case of these latter cylinders, it appears that
the lower modulus resin system was not as effective as the ERLA 4617
system in transfering the load between fibers.
PRD49-1 fiber has a nominal fiber strength of 23.4x10 n/m^
(340,000 psi) (impregnated yarn with a 10" gage length). Assuming a
8 2fiber stress of 20.7x10 n/m (300,000 psi) in a composite, which
appears to be a representative average, a fiber translation efficiency
of 86% was obtained. With the PKD49-1 fiber having a specific gravity
of 1.48 compared to 2.49 for S-glass, the two fibers have the following
specific strengths based on fiber strength obtained in a composite:
PRD 49-1 fiber 300^°00 Psi. = 5.77 x 106 in.
0.052 Ib/in
S-Glass fiber* 365'9°° ?S% = 4.07 x 106 in.
0.090 Ib/in
Specific strengths of the composites (Vf = 65%) compare as follows
PRD49-1 composite ' - 4.1 x 106 in.
0.049 Ib/in3
S-Glass composite* 228.200 psi
 = 3 > 2 6 x 1Q6
0.070 Ib/in
Figure 2 and Table III show the modulus values obtained on each
10 2
set of rings. An average modulus value of about 9.8x10 n/m (14.2x
10 psi) was obtained for the PRD49 composites (V = 65%) , resulting in
very good modulus translation with the majority of the cases having an
efficiency of over 95%. In calculating the percent modulus translation,
a fiber modulus of 15.2x10 n/m (22x10 psi) was assumed (obtained from
individual filament tests on yarn samples taken from each spool) . In
*Reference 1
23
ft 2
some cases It is possible the average modulus was close to 15.8x10 n/m
(23x10 psi), accounting for values over 100%. Also, fluctuations in
the resin contents within the composite sample itself, the accuracy of
measuring the specimen thickness which is subsequently cubed in the
calculations, and the accuracy of measuring the resin content each
significantly influence the value. Considering these factors, s?the
modulus of the composite is very good, and the resulting high specific
modulus should be advantageous in pressure vessel design.
Comparative specific modulus of composite (V = 65%) are:
PRD49-1 composite U'2*I?',PS} = 2.9 x 108 in.0.049 lb/inj
 R
(7.4 x 10° cm)
S-glass composite* 8'° * 10—E|i = 1.1 x 108 in.
0.070 lb/in3
 (2>8 x 1Q8
Interlaminar shear strength of the composite (Table V and Figure
3) is definitely influenced by the fiber content. For both resin
systems, the higher resin content specimen (No. 1-6 and No. 13-18) had
6 2the higher ILS strength, averaging above 27.5*10 n/m (4,000 psi), with
fi 2
one cylinder (No. 14) having a strength of 46.8x10 n/m (6,800 psi).
The low resin content specimens had shear values averaging about 24.lx
106 n/m2 (3,500 psi) with a low value of 14.5xl06 n/m2 (2,100 psi) and a
6 9
high of 35.2x10 n/m (5,100 psi). In general, these values are lower
than those obtained with filament wound S-glass composites. S-glass
composites wound with Resin System No. 2 have ILS values ranging from
33xl06 n/m2 to 46xl06 n/m2 (4,800 to 6,650 psi) (Ref. 1) and with ERLA
4617 resin, values of 55.1X106 n/m2 (8,000 psi) (Ref. 10).
B. Effects of Winding Tension
Varying the winding tension from 75 grams per yarn to 240 grams
per yarn had no significant effect on the properties measured. This
effect would be most evident in the residual stress measurements (Figure
4), but no such trend was present.
*Reference \
2k
Based on this information, any level of winding tension which is
compatible with the winding system in question is satisfactory provided
the tension is uniform and below a level at which filament breakage
occurs.
C. Influence of Mandrel Material
Paraplast as a mandrel material resulted in the highest residual
stresses in the finished part. This is apparently due to a combination
of the high coefficient of thermal expansion of the mandrel and the
negative expansion coefficient of the fiber, thereby placing a high
tensile stress on the fibers. The high prestress is not detrimental to
the composite and in fact, appears to improve the mechanical properties.
The sand PVA mandrels provided the lowest and most reproducible
residual stresses within each resin type and resin content group (cylin-
der No. 1-2, 7-8, 13-14, 19-20). This consistency is reflected in the
mechanical properties. For example, the average fiber stresses of each
pair of cylinders (high and low resin content) fabricated on a sand
/: o
mandrel were within + 69 10 n/m (10,000 psi) of a mean value and in 3(• f\
of the 4 sets within 34,5 10 n/m (+ 5,000 psi). Similar uniformity
was found in the modulus and interlaminar shear measurements.
3.2 Advanced Property Investigation
The objective of this phase of the program was to select the
PRD49-1 composites, one of each resin system, from the preliminary
property and processing study for more extensive property investigations
at cryogenic temperatures. The same property measurements conducted in
the early phase of the program, that is, tensile strength, tensile
modulus and interlaminar shear strength, were repeated but at tempera-
tures of 21°C, -195°C and -252°C. In addition, thermal expansion measure-
ments were made on unidirectional composites over the temperature range
of -252°C (-423°F) to +175°C (+350°F).
3.2.1 Specimen Fabrication
The NOL ring specimens for the advanced property studies were
fabricated using the same procedures used previously in the process
development phase (Section 3.1) and the winding parameters established
for Cylinders No. 11 and No. 19 (See Table I). The parameters
25
associated with Cylinders No. 11 and No. 19 were chosen because they
produced composites with the best compromise in properties (See Table
III). The new cylinders were designated No. 26 and No. 25, respectively.
Cylinder No. 25 resulted in a fiber volume of 71.5% which is
outside of the specified tolerance and was replaced by Cylinder 25A.
Cylinder 26 did not appear to cure properly and behaved as though
insufficient BDMA was in the system. The cylinder finally cured after
an extended period at 148°C (300°F), but as a precautionary measure, a
second cylinder, designated 26A, was fabricated.
Cylinders No. 1-24 were made from the initial batch of PRD49-1
fiber procured for this program. A second batch of fiber was procured
for the pressure vessel fabrication phase which was to follow later in
the program (Section 3.3), and it was material from this batch that was
used to fabricate Cylinders No. 25 and 26. Ideally, the two batches
would have the same properties, but unfortunately they were different.
Strand tests conducted on both batches showed that the initial fiber
8 2
order (used for Cylinders 1^ 24) had a fiber stress of 24.4x10' n/m
(354,000 psi) compared to a fiber stress of 22.7xlQ8 n/m2 (330,000 psi)
for the second batch (Cylinders 25, 25A, 26 and 26A). It was therefore
anticipated that the strength of Cylinders 25 and 26 would be lower.
One ring from each cylinder was tested in the Case tester to provide
comparative tensile strength data with Cylinders No. 11 and No. 19, and
these results are shown in Table VI. As expected, the composite rings
were about 10% lower than the equivalent composites in the preliminary
property study, a fact that should be considered in comparing the
results of the two phases.
Specimens for the determination of coefficient of thermal
expansion were made by winding prepreg yarn under 75 gms per end tension
on a flat plate mandrel (15.2 cm long x 3.8 cm thick). The composite
was cured according to specifications using side plates to maintain a
flat surface and provide compaction in the normal direction. The side
5 2
plates were held under contact pressure <1.0*10 n/m (<15 psi). The
final specimens for making the longitudinal measurements were nominally
26
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5.1 cm (2") long x 0.25 cm (0.10") square. The transverse measurements
were made on specimens 0.64 cm (0.25") long x 0.64 cm (0.25") wide x
0.25 cm (0.10") thick.
3.2.2 Test Procedures
The test procedures for determination of tensile modulus, interlaminar
shear strength and physical property measurements in the advanced property
investigation were the same as those specified in Section 3.1. The compos-
ite tensile strength determinations in this phase of the program utilized
the NOL split-D method per ASTM test method D2290-64T (Ref 13) rather than
the Case test method. The latter test method is not amenable to cryogenic
testing and therefore was not used.
Thermal expansion measurements were made on unidirectional composites
over a temperature range of -252°C (-423°F) to +175°C (+350°F) on a model
TE-3000-L dilameter manufactured by Thermo-Physics Corporation. Measure-
ments were continuously recorded at a temperature change rate of 1°C/
minute. Thermal expansion measurements were taken on each specimen, both
longitudinally (0)° and transverse (90)° to the fiber direction. Three
specimens of each resin system were measured.
3.2.3 Test Results
The physical and mechanical properties of Cylinders 25, 25A, 26 and
26A are summarized in Table VII and the individual results shown in Tables
VIII and IX.
The average data plotted in Figure 5 illustrates the effect of
temperature on the tensile strength of a PRD 49-1 composite. The strength
decreased slightly between +20°C (+70°F) and -195°C (-320°F), but increased
again between -195°C (-320°F) and -252°C (-423°F) to approximately its
original ambient temperature strength level. The percentage change in
strength with respect to temperature was approximately the same for both
resin systems.
The tensile modulus values at +21°C (+70°F) of the composite rings
were as expected. The actual composite modulus was comparable to the
theoretical composite modulus based on a 100% fiber modulus translation.
The absolute values also compared favorably to those obtained in Cylinders
No. 11 and No. 19. (See Table III). The modulus increased 15-20% between
28
TABLE VII PROPERTY SUMMARY, TASK IB
PROPERTY
Resin System
Fiber Volume, %
Specific Gravity
Voids, %
o 2
Composite NOL Tensile Strength, 10 N/m (psi)
21°C (+70°F)
-195°C (-320°F)
-252°C (-423°F)
8 2Fiber Tensile Stress, 10 N/m (psi)
21°C (+70°F)
-195°C (-320°F)
-252°C (-423°F)
Composite Modulus, 10 N/m (10 psi)
21°C (+70°F)
-195°C (-320°F)
-252°C (-423°F)
Interlaminar Shear Strength, 10 N/m (psi)
21°C (+70°F)
-195°C (-320°F)
-252°C (-423°F)
f\ 7
Residual Stress, 10 N/ra (psi)
CYLINDER
No. 25
ERL 4617
71.5
1.39
1.08
13.22
(191,700)
12.63
(183,200)
13.60
(197,300)
18.62
(270,000)
17.79
(258,000)
19.16
(277,900)
11.51
(16.7)
13.31
(19.3)
22.68
(32.9)
15.17*
(22.0)*
18.8
.(2730)
17.9
(2590)
19.3
(2800)
7 . 10
(1030)
No. 25A
ERL 4617
66.4
1.39
0
12.07
(175,100)
11.62
(168,600)
11.85
(171,800)
18.18
(263,700)
17.51
(253,900)
17.84
(258,700)
10.75
(15.6)
12.27
(17.8)
19.37
(28.1)
14.20*
(20.6)*
21.7
(3150)
22.5
(3270)
22.0
(3190)
24.5
(3560)
No. 26
Resin No. 2
63.7
1.31
1.16
10.88
(157,800)
10.06
(145,900)
17.09
(247,800)
15.66
(227,100)
10.83
(15.7)
13.17
(19.1)
25.0
(3630)
28.2
(4090)
26.1
(3790)
No. 26A
Resin No. 2
64.7
1.34
0
10.61
(153,900)
9.83
(142,500)
10.03
(145,500)
16.40
(237,900)
15.18
(220,200)
15.51
(224,900)
9.79
(14.2)
11.24
(16.3)
18.89
(27.4)
12.89*
(18.7)*
33.6
(4880)
37.9
(5490)
35.4
(5140)
68.3
(9910)
*Estimated -252°C (-423°F) modulus values based on unidirectional 'flat laminate data.
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FIGURES NOL-RING TENSILE STRENGTH
+21°C and -195°C and increased 80-90% between +21°C and -252°C. The
15-20% increase between +21°C and -195°C compares favorably to data
reported by duPont (Ref. 11). The 80-90% increase at -252°C, however,
did not follow the typical trend of composites and were questionably >
high, so additional verification tests were conducted using a different
test specimen and technique.
Flat unidirectional PKD49-1 tensile specimens were fabricated
using resin system No. 2 and measured for modulus with an extensometer
at +21°C (+70°F) and -252°C (-423°F). Within this temperature range the
modulus changed from lO.lxlO10 n/m2 (14.7xlQ6 psi) to 13.3xl010 n/m2
(19.3x10 psi) for a 32% increase. The resin content of the samples was
58%. Applying the 32% correction factor to the NOL ring data would indicate
10 7
that the modulus of cylinder 25A, for instance, would be 10x8 10 n/m
(15.6xl06 psi) at +21°C, 12.3xl010 n/m2 (17.8xlQ6 psi) at -195°C and
14.2xl010 n/m2 (20.6xl06 psi) at -252°C.
The average interlaminar shear values obtained on the filament
wound composites are shown in Table VII with the complete data presented
in Table IX. Cylinders 25, 25A, 26 and 26A had average ILS values of
18.8xl06 n/m2 (2.730 psi), 21.7xlQ6 n/m2 (3,150 psi), 25xl06 n/m2
(3,630 psi) and 33.6xl06 n/m2 (4,880 psi), respectively, at +21°C and
remained relatively constant down to -252°C (Figure 6). The shear
values of Cylinder 25A were slightly lower than expected for the ERLA
6 2
resin system, but the 33.9x10 n/m (4,900 psi) value obtained on
Cylinder 26A (Resin System No. 2) was equivalent to values obtained
early in the program with Cylinder No. 11.
Cylinder No. 25A and 19 were wound to the same specifications and
• 6 2
resulted in residual stress values of 24.1x10 n/m (3,500 psi) and
f 9
9.7x10 n/m (1,410 psi), respectively. Cylinders No. 26A and 11, also
6 2
wound with equal parameters, had values of 68.3x10 n/m (9,910 psi) and
r 2
95.2x10 n/m (13,800 psi), respectively. Residual stress in the
composite does appear reproducible within reasonable limits and may be
of value in some component designs. It is interesting to note that
Cylinder 26, which was subjected to repeated and prolonged exposure at
+148°C (300°F) , has a substantially lower residual stress than Cylinder
26A which received the standard cure. Evidentally the residual stresses
35
50
CN
7000
40
toQ.
O)
I 30
D
II)
20
6000
5000
4000
3000
2000
10
1000
I I 1 I
-400
-240
•300
•185
-200
-129
-100
-73
0
-18
+ 100
+ 38
+200
+ 93
Test Temperature
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in PRD49-1 composites can be relieved to a degree- upon thermal aging much
in the same manner as conventional glass composites.
The results of the individual thermal expansion measurements are pre-
sented in Figure 7 and Table X. Figure 7 compares the average thermal
expansion obtained for each material. Coefficients of thermal expansion
were calculated for each specimen over the temperature range of -252°C
(-423°F) to 148°C (+300°F), and these are presented in Table X. As
expected, the longitudinal expansion of a unidirectional PRD49-1 composite
is not affected significantly by the choice of matrix. This is not the
case for the transverse measurements in which the coefficients are signifi-
cantly different due to the predominant role of the matrix in that direction.
For example, Resin System No. 2 has a coefficient of thermal expansion of
57.8xlO~6 cm/cm/°C (32.11xlO~ in/in/°F) over the temperature range -240°C .
(-400°F) to +16°C (+60°F) (Reference 1). The unidirectional PRF 49-1/
Resin System No. 2 composites over the same temperature range have a coef-
ficient of 48.6x10 cm/cm/ C (27x10 in/in/ F) in the transverse direction.
The PRD49-1 fiber also has a high positive coefficient of expansion in the
transverse direction which contributes to the composite value.
In the fiber direction, over a temperature range of -250 C to +150°C,
the PRD49-1 unidirectional composites had a thermal coefficient of expan-
sion of -3.68x10 cm/cm/ C for ERLA 4617/c£ resin system and -4.95 cm/cm/°C
with Resin System No. 2. The expansion coefficient varied within that
temperature band as the data in Table X indicates. The data compare favor-
ably with that reported by duPont (Ref. 11) for a PRD49-l/epoxy composite,
which is -6 10 cm/cm/ C over the temperature range of 23-150 C.
The property test data on the filament would PRD49-1 composites
generated in this program, regardless of the absolute values, has a very
low scatter. Filament test data available from duPont (Ref. 11) and
Boeing's in-house work indicate that the PRD49-1 fiber is more uniform
along its length than S-glass or graphite, and this is reflected in the
data on this program. Two fiber shipments were ordered under this pro-
gram and within a given order the batch-to-batch property variation was
relatively low with a fiber tensile strength variation of -1-3% and a
modulus variation of +10%. There was a significant difference between
37
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orders as mentioned earlier, but indications are that the variation was
the result of processing adjustments with the experimental fiber, a
problem which should be alleviated once production status is reached.
3.3 Pressure Vessel Study
The objective of this phase of the program, which constituted
Tasks II and III of the contract, was.to design, fabricate and test a
series of 15 filament wound vessels using the data and information
previously generated in Task I (Sections 3.1 and 3.2). These vessels,
nominally 10.1 cm (4") I.D. x 15.2 cm (6") long, were evaluated for
single cycle burst strength, and fatigue life at 60% and 90% of ultimate.
All vessel testing was conducted at 21°C (+70°F). Eight of the vessels
were fabricated with Resin System No. 2 and seven with the ERLA 4617/cl
system.
3.3.1 Vessel Design
The test vessel was a 10.1 cm (4") diameter x 15.2 cm (6") long,
closed-end cylinder with a boss at each end (Figure 8). The vessel was
designed to achieve a longitudinal-to-circumferential strain ratio of 1
£ O
and have a burst pressure of approximately 13.8x10 n/m (2,000 psi).
The fiber and composite data generated in the preliminary and advance
composite studies were used to design the dimensional coordinates of the
vessel dome and to specify the vessel construction. The input data for
the design is shown in Table XI. With the aid of a NASA-supplied
computer program, CR-72124 (Ref. 12 ), the vessel design shown in Figure
8 and Table XII was computed. The computer program analyzes the fila-
ment shell by means of a netting analysis that assumes constant stresses
along the path of the filament and a negligible structural contribution
of the resin matrix. The computer program accounts for contributions
due to a liner, but in this program a low modulus elastomeric liner was
utilized that had insignificant influences on the vessel design. Also
defined in the output are the filament stresses and strain at the design
pressure, the required hoop and longitudinal wrap thickness, the fila-
PV
ment-path length, vessel weight, volume and performance factor ("77") •
The computer program contains optional input variables to account for
changes in temperature. The design for this program was based on an
operational temperature of +21°C (+70°F). :
Since two different resin systems were used in the fabrication of
the vessels, ideally two separate vessel designs should have been
generated. This fact was considered, and a decision was made to use one
design for both resin systems based on the following factors:
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TABLE XI DESIGN PARAMETERS - 4" I.D. PRESSURE VESSELS
Design Temperature, °F (°C)
Inside Diameter, in. (cm)
6 2
Design Burst Pressure, psi (10 N/m )
Longitudinal-to-Circumferential
Strain Ratio
70 (+21)
4.0 (10.16)
2,000 (13.79)
1.0
Composite:
Filament Volume Fraction, X
Design Fiber Stress, psi (l08N/m )
Fiber Modulus, P8*- (1010N/m2)
Composite Density, Ib/in (g/cc)
Derivative of Tensile Strength with
Respect to Temperature, psi/ F
Derivative of Elastic Modulus with
Respect to Temperature p8i/°F
Poisson's Ratio
Derivative of Poissons Ratio with
Respect to Temperature, I/ F
Coefficient of Thermal Expansion, in/in/°F
(cm/cm/ C)
65
250,000 (17.24)
22 (15.17)
.049 (1.36)
0
.3
1.67xlO~6(-3xlO~6)
Liner:*
Thickness, in. (cm)
Density Ib/in (g/cc)
Elastic Modulus, 10° psi (108N/m2)
6 o
Densite Strength, psi . (10 N/m )
Poissons Ratio
Coefficieng of Thermal Expansion, in/in/°F
(cm/cm/ C)
.020 (.508)
.055 (1.52)
.05 (3.45)
200 (1.38)
0.4
22.2xlO~6(40xlO~6)
* All property derivatives with respect to temperature are zero.
TABLE XII FABRICATION PARAMETERS FOR (10.16-cm) 4-INCH PRESSURE VESSEL
Design Pressure, Ult.
Design Temperature
Fiber Stress, Ult.
Fiber Modulus
Fiber Volume
Cylinder Properties:
Length
Hoop Wrap Thickness
Head Properties:
Polar Wrap Thickness
Vessel Properties:
Total Wall Thickness
Inside Diameter
Contained Volume
Total Weight
Performance Factor
Strain Ratio
Mandrel Material:
Liner Material:
Fiber
Bosses:
Outside Diameter,
Inside Diameter
Material
Winding Tension,
2000 psi
70°F
250,000 psi
22 x 106 psi
65%
2.90 inches
0.025 inch
0.013 inch
0.038 inch
4.0 inches
59.83 inches3
Oil78 Ib.
13.79xl06N/m2)
+21°C
17.24*108N/m2.-
15.17xl010N/m2.
7.37 cm
.0635 cm
.033 cm
.0965 cm
10.16 cm
98.06 cm3
80.8g
0.67 x 106inches 1.7 x 106cm
1:1
Paraplast (Reein System No. 2)
Sand/PVA (ERLA 4617)
PR 1440 A-2 Elastomer (Product
Research Co.)
PRO 49-1 yarn
0.875 Inch
0.500 Inch
2024 aluminum
0.5 Ib/end
2.22 cm
1.27 cm
227g/*nd
1. The properties of the resin systems, although significantly
different, have little influence on the design of the vessel;
consequently both vessels would have essentially the same
dome contour.
2. The properties of the composites made from the two systems
differ slightly if the comparison is limited to Cylinders 25A
and 26A. However, considering all cylinders (No. 1-26), and
the limited number of specimens tested, it is difficult to
show a significant difference between the composites.
Therefore, for the lack of good design allowable values for either
system, the selected properties shown in Table XII for the vessel design
represent a compromise between the properties of Cylinders 25A and 26A
(see Table VII).
3.3.2 Vessel Fabrication
A. Mandrels
Two mandrel materials were utilized in this program. For the
vessels to be wound with Resin System No. 2, the mandrels were made
with Paraplast 36 and for the ERLA 4617/cl system the mandrels were made
with a fVA/sand mixture. The formulation of each mandrel material was
the same as that designated in preliminary property studies (Paragraph
3.1). A description of the fabrication procedures for each mandrel is
as follows:
1. Paraplast 36
The mandrels were slosh-cast in a pre-heated 3-piece aluminum
mold (Figure 9). The Paraplast at the time of casting was
heated to +232*C (450*F) and then poured into the aluminum
mold which had been preheated to +148*C (300*F). The mold was
then rotated until cool in the casting fixture shown in
Figure 10, producing a hdllow mandrel with approximately a
2.54 on (1") thick wall. Next, the inside cavity of the
mandrel, while still in the original casting mold, was filled
with additional molten paraplast to make a solid mandrel for
winding. The winding shaft was inserted during this latter
step.
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The 2-step process assured a very uniform and smooth exterior
surface on the winding mandrel. The second pouring bonds
readily to the initial casting, but it cools rapidly enough
that the integrity of the shell is not disturbed. Attempting
to cast the mandrel in one solid section with paraplast is
extremely difficult if close tolerances are to be maintained
because the high shrinkage of the material upon cooling causes
cracking and distortions.
The finished mandrels were stored in sealed polyethylene bags
prior to usage since the material is very sensitive to
moisture.
Sand/PVA Mandrels
The sand/PVA mandrels were made in the same mold used for the
paraplast mandrels. The mold was assembled with one end dome
and the cylindrical portion in place and then preheated to
+121°C (250°F). The mold cavity was then filled with the
sand/PVA mixture (see Appendix A, Section 2.0 for formulation)
to the mid-point of the cylindrical portion, thereby forming
one half of the mandrel. The assembly was then baked at +121°C
(250°F) for 3 hours in an air circulating oven to solidify the
mandrel material. (The upper end of the mandrel must remain
open to permit the volatiles to escape.) After the baking
cycle, the half mandrel was removed from the mold and the
process repeated for the remaining half (see Figure 11). The
mating ends of the mandrels are then sanded smooth and flat in
preparation for joining. The halves are placed on the
winding shaft and bonded together with liquid PVA. A special
gage block is utilized to insure proper mandrel alignment and
length. If any repairs or touch-ups were required in the
joint region, water-soluble plaster was utilized. A completed
Sand/PVA mandrel is shown in Figure 11.
Neither the Paraplast nor sand mandrels require finishing
when the casting process is complete. Recessed
LU
QC
Q
CL
areas are designed into the mold to accommodate the end
fittings which are put in place just prior to winding.
B. Filament Winding of Vessels
The winding equipment used in fabricating the 10.2 cm (4") vessels
is shown in Figures 12 and 13.
In preparation for winding the mandrels described previously are
covered with one layer of 1/2 mil FEP film. This film was placed on the
mandrel to prevent the paraplast or sand from contaminating the
composite and to prevent resin from impregnating the sand. Teflon was
used since it will survive the cure temperatures and readily parts from
the cured vessel during the mandrel removal process.
The next step in the process was to preheat the winding mandrel to
approximately +93°C (200°F) to prevent the mandrel from acting as a heat
sink during the winding operation. Heat was applied to the prepreg yarn
to facilitate flow and a cold mandrel, acting as a heat sink, would be
detrimental to obtaining good composite uniformity.
Winding was conducted using the parameters specified in Table XII
and the equipment previously shown. Heat was applied to the mandrel
with the aid of a hand-held hot-air gun, with the surface of the bottle
being maintained at approximately 38-52°C (100-120°F).
The vessels were wound with prepreg roving consisting of 6 single
end PRD 49-1 yarns. The polar windings were applied at 140 indexes per
revolution of the mandrel. Since two layers of windings are applied per
mandrel revolution, the yarn count is as follows:
140 Index x 2 lavers y ^arns x x rev = 1680 iarns
rev. rev. index rev.
Since the circumference of the vessel is:
nD = (3.14)(10.2) = 3.19 cm
= (3.14)(4) = 12.56 inches
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Vessels No. 1 and 2 had 2 layers of polar windings (produced by one
rotation of the mandrel) or 52.6 yarns/cm. The remaining vessels
(No. 3-15) had 4 layers of polar windings (2 mandrel revolutions),
resulting in a yarn count of 105.2 yarns/cm (268 yarns/inch).
The circumferential windings were applied over the polar windings.
Again, prepreg roving consisting of 6 yarns was used and applied at the
rate of 5.5 turns/cm (14 turns/inch). This resulted in a yarn count of
33 yarns per cm per layer (84 yarns per inch per layer). Vessels 1 and
2 have 3 layers of circumferential windings applied (99 yarns/cm or 252
yarns/inch) and Vessels 3-15 contained 6 layers of windings or 198 yarns/
cm (504 yarns/inch).
The average per ply thickness of the above windings at the index
and transverse rates indicated were 0.0018 cm (0.0045") and 0.0024 cm
(0.0060")!for the polar and circumferential layers, respectively.
Following completion of the winding, the bottle was removed from
the machine and installed in a rotating fixture and gelled. The bottle,
rotating at ~ 25 rpm, was maintained at 66°C +3°C (150 +5°F) for approx-
imately 2 hours during gelation. Rotating the bottle prevents resin
migration and provides for better uniformity and homogeneity.
The bottles were finally cured in an air circulating oven for 4
hours at 148°C +5°C (300°F +10°-F). The setup shown in Figure 14 was
used to support the bottles during cure. Thermocouples attached to each
vessel monitored the part temperature.
The mandrels were removed by extracting the winding shaft and
flushing the interior of the bottle with warm water to dissolve the
mandrel.
i
When the mandrel material was completely dissolved (both mandrel
materials readily dissolve with water), the Teflon barrier film was
carefully removed with forceps, the vessel weighed, and prepared for
liner installation.
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C. Liner Installation
Since all testing was being accomplished at +21°C (+70°F) and to
eliminate influences from a load bearing liner, a slosh-type elastomeric
liner was used. The specific liner material Xv'as PR 1440 A-2 sealing
compound from Products Research Company.
One end of the vessel was plugged and the vessel filled
approximately 60% full of the elastomeric material. The fill port
was sealed, the vessel rotated to insure complete coverage, and the
excess material then drained from the tank. While the material was
still fluid, the tank was rotated to prevent the elastometer from
concentrating in the vessel. PR 1440 A-2 requires ~0.5-1.0 hour at
+21°C (+70°F) to reach a viscosity level in which it no longer migrates.
The bottles were then allowed to set at room temperature for 72
hours to fully cure the liner (the cure can be accelerated with heat).
During this time the interior of the vessel was continuously purged with
air to aid in the removal of volatiles as shown in Figure 15.
Liner integrity was checked by pressurizing the interior of the
tank with air to 5 psig (Figure 16) and visually inspecting the exterior
surface for bubbles with the aid of a soap solution. If no leaks were
detected, then the bottle was ready for test. Should a leak be detected,
it was marked and the localized area resloshed. (Only one of the 15
vessels required resloshing.)
The average liner thickness was approximately .006 cm (0.015").
Completed vessels made with Resin System No. 2 and ERLA 4617/CZ, are
shown in Figures 17 and 18, respectively.
3.3.3 Vessel Testing
Tests were conducted in conformance with a NASA-approved test plan
which defined the test facility, test methods, and instrumentation.
Details of the vessel test program are given below.
A. Instrumentation
Each vessel was instrumented to record longitudinal and
circumferential strain, internal pressure, vessel temperature, and
acoustic emission.
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Strain measurements were recorded with standard SR-4 strain gages.
Type AB-1 gages with a nominal resistance of 350 ft, a gage factor of
2.00 and a gage length of 5.1 cm (2.00 inches) was used for the longi-
tudinal and circumferential strain readings in the center section of the
vessels. Duplicate gages, located 180° apart, were used for the
circumferential strain measurements and a similar arrangement used for
the longitudinal measurement (See Figure 19).
Two Type ABD-6 gages were bonded to one dome of each tank as shown
in Figure 19. One gage was oriented to measure the longitudinal strain
in the dome and a second gage measured the radial strain. These gages
had a nominal resistance of 240 ft, a gage factor of 2.00 and a grid
length of 0.2 cm (0.5").
Internal pressure was monitored with the aid of pressure
transducers installed on both the inlet and exit fittings of the tank.
Two transducers with individual readouts were used to provide reliabil-
ity, especially during the fatigue testing. The pressure pickups used
were models P86-3M6-500-P8 manufactured by Statham Laboratories.
All vessel testing was performed at 21°C +1°C (+70 +2°F) in a
controlled temperature facilJtv. Vessel temperature was periodically
monitored with copper- constantan thermocouples during both burst and
fatigue testing. This inspection showed that the vessel temperature
remained within the specified temperature limits at all times.
Acoustic emission studies were performed on each vessel (see
Section 4.0) to determine if a nondestructive technique could be devised
to assess vessel quality. To monitor the acoustic emissions released
from the vessels, two piezolectric transducers with a frequency response
up to 300 Khz were installed on the vessels. One transducer was mounted
on the inlet side, and the other transducer on the exit side of the tank.
The transducers were mounted on specially machined fittings that
attached to each end of the vessel. The acoustic output was recorded
continuously on strip chart recorders and also periodically on a multi-
channel tape recorder. Emission count rate and total count, as functions
of time and pressure, were obtained. Complete details of the acoustic
emission studies and a schematic of the test setup is given in Section
4.0. A fully instrumented vessel is shown in Figure 20.
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ABD-6 STRAIN GAGE
NOM. RES. = 240"
NOW. G.F. = 2.0
GRID LENGTH = 1.27 cm (0.5")
STRAIN GAGE INFO
(GAGES l,-4, A & C)
TYPE = AB-1
NOM. RES. = 350"
NOM. G.F. = 2.00
GRID LENGTH = 5.08 cm (2.0")
A -
FIGURE 19 STRAIN GAGE INSTALLATION ON
PRESSURE VESSELS
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B. Test Equipment
The schematic of the test setup for the burst and fatigue studies
is shown in Figure 21. Pressurization was supplied by a hydraulic bench
and controlled through a servo valve. The vessels were pressurized at a
f 9
strain rate of approximately 0.25% per minute (approximately 2.8x10 n/m
or 400 psi/ minute). Pressure and strain readings were fed to SOS-910
data system which provided a permanent record of the test. Visual read-
outs of the pressure and strains during test were available on a tele-
vision monitor. The pressure was also visible on a Brush, Mark 260,
strip chart recorder. A picture of the test facility is shown in Figure
22.
C. Burst Test Results
Four vessels (two with each resin system) were subjected to single
cycle burst tests by pressurizing the tanks to failure at a strain rate
of 0.25% per minute. The results of these tests (Vessels 1-4), are
presented in Table XIII. Also presented in Table XIII for comparison
are the test results of two S-glass and two high modulus graphite
vessels of equivalent size which were subjected to single cycle burst.
As stated previously in Section 3.3.2, B. , Vessels No. 1 and No.
2 were fabricated using identical lay-up configurations (i.e., two
layers of Polar windings and three layers of circumferential windings)
f\ ? fi
and failed at ultimate pressures of 7.64x10 n/m (1108) and 7.4x10
2
n/m (1073 psi) , respectively. Both of these vessels failed in the dome
at the shoulder transition region as shown in Figures 22 and 23. Two
layers of polar windings (produced by one revolution of the mandrel)
resulted in a composite thickness of approximately .003 cm (.008") in
the dome region. It was feared that this thin gage in the dome region
would increase the data scatter and that a small defect may result in
premature failure of the tank, especially in the fatigue studies, so it
was suggested that the composite be increased to 4 layers of polar
windings (2 mandrel revolutions) and 6 layers of circumferential
windings. Consequently, the design was changed and vessel No. 4 was
fabricated. This vessel, having twice the number of polar and circum-
ferential windings as No. 2 failed (Figure 24) at a pressure of 14.68x
106 n/m2 (2129 psi) or 198% of the burst pressure of Vessel No. 2.
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From the results of Vessels 1, 2 and 4, it appeared that the burst
pressure of a PKD49-1 vessel could be predicted and reproduced with good
accuracy. However, all three vessels failed in the polar windings at
the shoulder transition region at about 85-90% of the ultimate fiber
stress obtained in Cylinders 25A and 26A. To assess whether this 10%
strength loss was due to fiber damage or an inherent loss (stress
concentrations and shear losses) in the polar windings, Vessel No. 3 was
fabricated with 10% fewer circumferential windings than that prescribed
in the design (and used in Vessel No. 4) to induce failure in that
portion of the tank. Vessel No. 3 did fail in the circumferential
6 o
windings as shown in Figure 25 at a pressure of 13.36x10 n/m (1938 psi),
10% lower than Vessel No. 3. As the data in Table XIII show, a fiber
Q O
stress of 16.46x10 n/m (238,700 psi) was developed in the circumferen-
tial windings at failure. This corresponds to fiber stresses of 17.09*
108 n/m2 (247,800 psi) and 16.4xl08 n/m2 (237,900 psi) obtained with NOL
rings from cylinders 26 and 26A, respectively. Figures 26 and 27 show
representative longitudinal and circumferential strain versus pressure
curves for the four vessels tested. The vessels had a very linear
stress-strain curve in both directions, and the longitudinal-to-circum-
ferential strain ratio was essentially 1.0, as intended. The strains
were very uniform from vessel-to-vessel, and the computed modulus values
are tabulated in Table XIII.
To provide data comparisons on 10.2 cm (4") vessels fabricated
with other available reinforcements, four additional vessels were
designed and fabricated. The vessels were designed for a 1:1 longitu-
dinal-to-circumferential strain ratio. Two were fabricated with 12-end
S-994 glass roving, one with continuous HT-S graphite fiber tow and one
with continuous HM-S high modulus graphite fiber tow. These vessels
were tested under the same conditions as the PRD 49-1 vessels and the
results are shown in Table XIII.
As the data indicates, the HT-S and the HM-S graphite vessels,
with performance factors (—) of 1.27x10 cm (0.501x10 in.) and .541x
6 6
10 cm (0.213x10 in.), respectively, are not competitive with either
S-glass or PRD49-1. The performance factors of the PRD49-1 vessel is
uniform at a level of about 2.03 10 cm (0.8 106 in.). Vessel No.
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21 (S-glass) had a PV/W of 1.61xl06 cm (0.632xlQ6 in.). This vessel was
fabricated with only two layers of polar windings (one mandrel revolu-
tion) to provide a comparison for Vessels No. 1 and 2. Based on this
performance factor, the PRD49-1 vessels would be 40% lighter than an
S-glass vessel for a given burst pressure.
Vessel No. 23, wound with 12-end S-994 glass roving, was
fabricated using twice the number of windings specified for Vessel No.
s 9
21, and failed at 20.8x10 n/m (3015 psi) (Figure 28). The performance
factor of that vessel was computed to be 2.07x10 (0.845 10 in.) or 7%
higher than the PRD49-1 vessels. Comparing the results of Vessel No.
23 to the PRD49-1 vessels No. 1-4 and considering the fact that the
lower strength PRD49-1 fiber was utilized in the vessel fabrication, it
appears that for single cycle burst tests S-glass and PRD49-1 are
comparable materials on a specific strength basis. On a basis of a
modulus comparison, the PRD49-1 vessels have a modulus which is approxi-
mately twice that of S-glass (10.3-11.7x10 n/m versus 5.5x10 n/m );
or on a specific modulus basis (E) , the PRD49-1 vessels have a value of
9.04X108 cm (3.56X108 in.) compared to 3.25xlQ8 cm (1.28xl08 in.) for
S-glass. Both the strength and modulus comparisons obtained on the S-994
and PRD49-1 vessels, relate favorably with similar comparisons obtained
on single strand and flat laminate data (Refs. 8 and 11).
Note: The performance factors of the vessels given in Table XIII and
discussed above are based on vessel burst pressure (P), internal volume
(V), and composite weight (W). Total weight of the vessel is not used
since the data would be misleading and not be representative of larger
vessels. The end fittings of the 4" vessels were not optimized in this
program and in some instances constituted up to 48% of the total vessel
weight. In actual practice, on larger vessels the fittings would
constitute only 3-5% of the weight. Therefore, to provide a direct
comparison between reinforcements only the weight of the composite
portion of the tank was used in computing the performance factor.
D. Fatigue Test Results
The project plan required that eight vessels be pressure cycled to
study the fatigue characteristic of the PRD49-1 fiber reinforcement. In this
study four vessels (two of each resin systems) were cycled at 60% of ultimate
burst strength to failure or 1000 cycles, whichever occurred first. Another four
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vessels (two of each resin system) were similarly cycled but at 90% of
ultimate burst strength. All eight vessels had identical constructions
to Vessel No. 4.
For the fatigue studies the vessels were instrumented the same and
tested on the same equipment utilized for the burst tests. The pressur-
f ?
ization rate on the vessels was programmed at 2.75*10 n/m (400 psi/
minute) (approximately 0.25%/minute strain rate) and controlled within + 6.9x
104 n/i
setup.
r o
Lnut I
 , 2
 n/m (+10 psi) of the set value by the servo-valve and feed-back
The theoretical burst pressure of the tanks for the fatigue studies
was established from the values obtained on Vessels 1-4 and computed as
follows: ,
Extrapolated
Burst Pressure Burst Pressure
Vessel No.
1
2
3
4
106 n/m2
7.64
7.4
13.36
14.68
psi
1108
1073
1938
2129
Avg
106 n/m2
15.28
14.80
14.69
14.68
= 14.86
psi
2216
2146
2130
2129
2155
The extrapolated burst pressure is the theoretical burst pressure
of the vessels had they been fabricated with the same construction as
Vessel No. 4. Due to the limited number of vessels tested, neither a
good statistical value of the burst pressure nor an accurate coefficient
of variation could be established. Since some of the tanks were to
cycle at 90% of ultimate, there was some concern that a few of the
vessels may fail on the first cycle if the assessment of the burst
pressure was incorrect, resulting in the loss of valuable data. Conse-
f\ 7
quently the computed burst pressure of 14.86*10 n/m (2155 psi) was
/• o
reduced to 14.48x10 n/m (2100 psi), and it was this value that was
used throughout the fatigue studies as the theoretical burst pressure
of Vessels No. 5-12. This appeared to be a reasonable value, since
Vessel No. 4 failed at 14.68*106 n/m (2129 psi). Pressures of 8.69*
106 n/m2 + 6.9xl04 n/m2 (1260 + 10 psi) and 12.96*106 n/m2 + 6.9*104
n/m2 (1880 + 10 psi) were established for the 60% and 90% of ultimate
cyclic test, respectively.
76
The results of the cyclic fatigue tests (Vessels No. 5-12 and 15), are
shown in Table XIV. Vessels No. 5-8 were cycled at 60% of ultimate, and
Vessels No. 9-12 and 15 were cycled at 90% of ultimate strength. (Vessel
No. 15 was a spare vessel to be used where needed to substantiate a data
point and is discussed below).
Each of the four vessels cycled at the 60% level survived 1000 fatigue
cycles without showing a loss in modulus or visible deterioration. The
stress-strain curve for Vessel No. 5, which is typical of all four vessels
(No. 5-8), is shown in Figure 29. The surface condition (crazing) of the
vessel did not noticeably change from the 1st to the 1000th cycle, as the
vessel shown in Figure 30 typifies. After the 1000th cycle, the tanks
/• 9
were pressurized to burst at the rate of 2.76x10 n/m (400 psi/minute).
The data from these tests are tabulated in Table XV. The burst tests
revealed no loss in either strength or modulus, and in fact, there is
some indication that the burst strength was enhanced as a result of cycl-
f ?
ing. The estimated burst pressure of Vessels No. 5-8 was 14.48x10 n/m
f\ 7
(2100 psi) , and after 1000 cycles the vessels burst at 17.5x10 n/m
(2,537 psi), 19.25xl06 n/m2 (2,792 psi), 18.4xl06 n/m2 (2,673 psi) and
r r\
18.4x10 n/m (2,669 psi), respectively. This phenomenon is discussed
in more detail later. Figures 31 to 34 show each of the failed vessels.
Vessels No. 9-12, cycled at 90% of ultimate, showed considerable
data scatter as one might expect at such a high stress level. Vessels
No. 9 and 11 were made with Resin System No. 2 and failed after 1002 and
39 pressure cycles, respectively. These vessels are shown in Figures 35
and 36. Initial indications were that Vessel No. 11 was damaged in either
fabrication or handling, since failure occured in an unconventional manner
in the circumferential windings. The failure was a sharp break in the cir-
cumferential windings, starting at the shoulder region and extending across
the fibers for approximately 3 cm as shown in Figure 36. However, testing
of Vessel No. 15 later in the program (see below) showed that the failure
of Vessel No. 11 was not premature. Vessel No. 9 also failed in the cir-
cumferential windings, but the burst was catastrophic.
Vessels No. 10 and 12 (made with ERLA 4617) were also cycled at
90% of ultimate. Vessel No. 10 withstood 1,000 cycles and when
77
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subsequently taken to burst, failed at 14.5 10 *n/m (2,122 psi). The
test of Vessel No. 12 was terminated after 257 cycles when a leak
developed in the liner. The vessel appeared intact and in excellent
condition, so the liner was repaired and cycling of the vessel continued.
The vessel withstood an additional 287 cycles (544 cycles total) before
failing. Vessels No. 10 and 12 are shown in Figures 37 and 38,
respectively.
After reviewing the fatigue data on Vessels No. 9-12, it was
decided to test one additional vessel (made with Resin System No. 2) at
90% of ultimate due to the scatter in the results of Vessels No. 9
(1,002 cycles) and Vessel No. 11 (39 cycles). Consequently, Vessel
No. 15 was pressure cycled at 90% of ultimate and tank failed after
34 cycles as shown in Table XIV and Figure 39. It was on the basis of
this failure and the calculated fiber stresses that the results of
Vessel No. 11 were considered representative.
The following observations can be drawn from the fatigue data
generated on Vessels No. 5-12 and 15:
1. The PRD49-1 vessels, regardless of resin system , show very
little crazing or visual deterioration after cycling at either
60 or 90% of ultimate. This is readily evident by inspecting
the undamaged areas visible on the fractured vessels shown in
Figures 35 to 39.
2. For a given stress level (% of ultimate) the fatigue life
of a PRD49-1 pressure vessel is significantly better than
an equivalent S-glass vessel. At 60% of ultimate strength
an S-glass vessel will withstand approximately 300-400
cycles prior to failure (References 3
 and 8 ). xhe
PRD49-1 vessels showed no signs of deterioration after 1,000
cycles at that level. At 90% of ultimate an S-glass vessel
will withstand only 2-4 cycles, compared to better than 30
cycles for a PRD49-1 vessel. This means that if a vessel is
designed for a given fatigue life, (e.g. , 1000 cycles at
60% of ultimate) a PRD49-1 vessel should show a 200% weight
savings over an S-glass vessel.
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SPARE VESSELS (No. 13 and 14) -
Three vessels, No. 13-15, were held in reserve until the basic
test program was completed to provide additional or substantiating data
where needed. Vessel No. 15 was utilized in the fatigue studies as
mentioned earlier, to substantiate the results of Vessels No. 9 and 11.
Therefore, Vessels No. 13 and 14 remained. A decision was made to
subject these vessels to single cycle burst to obtain a better base for
establishing the theoretical burst pressure of the tanks. Increasing
the accuracy of the burst pressure reflects in the accuracy of the
cyclic level used in the fatigue studies.
Vessels No. 13 and 14 were therefore pressurized to failure using
the same procedures established for Vessels No. 1-4. Vessel No. 13
f\ *)(Resin System No. 2) failed at 14x10 n/m (2,030 psi) (Figure 40), and
Vessel No. 14 (ERLA 4617/C£) failed at 17xlQ6 n/m2 (2,470 psi) (Figure
41). The data on these vessels are tabulated in Table XVI. Combining
these results with the results of Vessels 1-4, it was found that the
Resin System No. 2 vessel has a slightly lower theoretical average
burst pressure at +70°F than the ERLA 4617/C& vessels as shown in Table
XVII. Based on the average pressures shown, the Resin System No. 2
vessels (No. 5, 7, 9, 11 and 15) were cycled at a nominal 60% and 90% of
ultimate, as intended, while the ERLA 4617/Cfc vessels (No. 6, 8, 10 and
12) were fatigued at approximately 56% and 83% of ultimate. Using these
values and the results of Vessels 9-12 and 15, the fatigue curve shown
in Figure 42 was approximated for PRD-49-1 vessels- The data for S-glass
vessels is included for comparative purposes only.
The six vessels (No. 1-4, 13 and 14) subjected to static burst had
f r\
a gross average burst pressure of 15.1x10 n/m (2,187 psi), as shown in
Table XVII. The four vessels (No. 5-8) cycled at 60% of ultimate for
1,000 cycles and then subsequently burst tested had an average burst
f 9
pressure of 18.4x10 n/m (2,668 psi) for a 22% increase. If the maxi-
mum fiber stresses obtained in each vessel are compared, as in Figure 43,
it is evident that limited fatigue cycling of a PRO 49-1 vessel at the
60% level increases its burst strength. The condition of the resin-
fiber interface and other factors that may account for this were not
extensively investigated in this program, but should be in any future
studies.
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TABLE XVII THEORETICAL BURST PRESSURE
OF PRD 49-1 VESSELS
Vessel No.
1
2
3
4
13
14
Individual
Average
Gross Average*
6 2
Theoretical Burst Pressure, psi (10 N/ra )
Resin System No. 2
2216 (15.28)
2130 (14.69)
2030 (14.00)
2125 (14.65)
ERLA 4617/cl
2146 (14.80)
2129 (14.68)
2470 (17.03)
2248 (15.50)
2187 (l5.08)
* Based on all six vessels
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3.4 - Future Potential
The initial 15 PRD-49-1 vessels fabricated under the program were
wound with the lower strength fiber of the two lots purchased as
discussed in Section 3.1. In spite of this, the PRD-49-1 vessels demon-
strated comparable, single burst strength performance and much better
fatigue life performance than an S-glass vessel. As this program
progressed, improvements were being made in the manufacture of the
PRD-49-1 fiber. Towards the end of the technical performance period of
this contract, E. I. duPont made available a small quantity of this
improved fiber designated PRD-49-3, for evaluation. The PRD-49-3 fiber
properties are shown in Table XVIII.
One vessel, No. 17, was wound with Resin System No. 2, using the
same design and fabrication procedures established for the earlier
PRD-49-1 vessels. The vessel was subjected to static burst test, and
the results are tabulated in Table XIX. The best results obtained with
the PRD 49-1 and S-glass vessels are included for comparison. The vessel
s 7
failed at 23.1x10 n/m (3,350 psi) or better than 50% higher than the
initial PRD-49-1 vessels. The performance factor of the vessel was 3.6*
10 cm (1.42x10 inches) which is extremely high for a vessel of any
type. The composite modulus was 9.1x10 n/m (13.2x10 psi) for a 20%
reduction over that obtained with the PRD-49-1 fiber. The failed vessel
is shown in Figure 44.
Table XX compares the performance of the PRD 49-1 and PRD 49-3
vessels to the S-glass vessels. In terms of either absolute or specific
composite tensile strength, the PRD 49-3 was better than either of the
other reinforcements. In strength critical applications, the PRD 49-3
could provide a 50-75% weight savings over either PRD 49-1 or S-glass,
since the latter two reinforcements are about equal on a specific
strength basis. On the basis of specific modulus, PRD 49-1 and PRD 49-3
vessels were over 3 times and over 2 times stiffer, respectively, than
an S-glass vessel.
Combining the above results, PRD 49-3 reinforcements show a
significant improvement in both specific strength and modulus over the
standard S-glass reinforcement for filament wound pressure vessels. This
improvement is even more significant in fatigue critical applications if
one assumes that PRD 49-3 has the same fatigue characteristics as its
predecessor, PRD 49-1.
TABLE XVIII PRD-49 FILAMENT PROPERTIES
(BOEING DATA)
Tensile Strength, 108 N/m2(Pal)
Tensile Modulus, 1010 N/m2 (106 P«i)
Ult. Elongation, cm/cm
Form
Plies/Yarn
Filaments per Yarn
Filament Diameter, cm(ln.)
Specific Gravity
Cross-Section
PRO 49-1
23.44 (340,000)
15.17 (22)
.017
Yarn
1
240
.00123 (.00048)
1.48
Circular
PRD 49-3
27.17 (394,000)
13.45 (19.5)
.020
Yarn
1
400
.00071 (.00028)
1.46
Circular
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TABLE XX PROPERTY SUMMARY
COMPOSITE DENSITY g/cm3 (lb/in3)
FIBER VOLUME (%)
COMPOSITE TENSILE STRESS J.08 N/m2(Psi)
COMPOSITE MODULUS 1010 N/m (10 P«i)
SPECIFIC STRENGTH 106 cm (1Q6 in)
RELATIVE SPECIFIC STRENGTH
SPECIFIC MODULUS 10 CB (10 in.)
RELATIVE SPECIFIC MODULUS
RELATIVE CYCLIC PERFORMANCE
90% OF ULTIMATE
60X OF ULTIMATE
PRO 49-1
1.33 (0.048)
65
10. 6 9 (155,100)
11.8 (l7.l)
8.20 (3.23)
M>'
9.04 (3.56)
3.15
10
>3 .
PRO 49-3
1.22 CO. 044)
65
15.40(223,300)
9.10 (13.2)
12.90 (5.08)
1.78
7.62 (3.00)
2.34
-
-
8 -GLASS.
1.91 (0.069)
65
13.58 (196, 90<)
6.07 (8.8)
7.24 (2.85)
1.0
3.25 (l.28)
1.0
1
1
Fabricated with Resin System No. 2
103
Two additional factors of significance when considering PRD 49 for
vessel application are that the data presented in this report was obtained
on vessels having a fiber volume of 65% and a strain ratio of 1:1. It
appears from working with the fiber that fiber volumes of 70% are obtain-
able. The higher fiber volume would produce even better performance
factors. A strain ratio of 1:1 was a design requirement in this program
and as is the case with that ratio, the majority of the failures occur
in the dome. Slightly better results are obtained if failures are forced
in the circumferential windings. This is accomplished by a slight reduc-
tion in the quantity of circumferential windings applied.
10U
4.0 ACOUSTIC EMISSION MONITORING
OF PRO 49-1 FILAMENT WOUND PRESSURE VESSELS
4.1 Introduction
The purpose of the subject study was to investigate acoustic
emission signatures obtained from filament wound pressure vessels sub-
jected to either static or cyclic (fatigue) loading. The research was
directed toward establishing feasibility of the acoustic emission phen-
omenon as a quality control, fatigue life gauge, or incipient failure
detection tool. Basically, the research consisted of correlating the
acoustic .emission signatures recorded during the various filament wound
vessel tests with the test parameters and vessel fatigue histories to
determine the existence of indicators of ultimate strength, fatigue life
and incipient failure. The testing of certain hypotheses concerning the
acoustic emission behavior of the vessels was also included within the
scope of this study...These hypotheses were:
1. Do the acoustic emission signatures obtained from the filament
wound tanks resemble the signatures obtained from the testing
of other composite materials?
2. Does the data exhibited during fatigue give an indicator of
ultimate life similar to that demonstrated in some metals and
other materials?
3. Can acoustic emission parameters be quantitatively related to
life, level of loading, or any other measurable parameters?
The acoustic emission phenomenon is related to the release of
acoustic energy from a material as a result of applied stresses which
induce changes within the microstructure of the material. Acoustic
emission has been observed during such processes as recrystallization,
lattice transformations, and many other physical phenomena. The
amount of energy released has been determined, although not yet
quantitatively defined, to be directly related to the stress induced
and scale of internal material deformation. This phenomenon exhibits
itself normally at a very low energy level requiring a high degree of
3 4
amplification (gains of 10 -10 ) for detection. The frequency content
105
of the acoustic emission signals, synonymously called "stress wave
emission", is extremely wide band, extending into the high megahertz
range. The latter characteristic is very fortuitous, since it allows
frequency discrimination against interference signals normally found in
the audio or low kilohertz range. From the acoustic emission of a
specimen, count rate, total count and RMS energy value (intensity) can
be recorded to detect the phenomena occurring.
In the count rate technique, the number of rises in each burst
cycle above the base noise level is counted to determine count rate per
unit time. The total count is the integration of all counts recorded
during a specified time interval related to the total duration of the
test. Count rate per unit time is related to the size of a crack, the
rate at which filaments are breaking, and the speed with which these
failures nucleate. During propagation of a crack, count rate is
indicative of both the size and the speed with which the crack propa-
gates. Count rate then, can be related to the rate of degradation in
the material.
Total count, one the other hand, is related to the total structural
degradation that occurred during the period of observation.
Total count can be related to the total area of a crack propagating
and/or total number of filaments breaking during the time period involved.
The RMS energy data represents values of energy involved in the
phenomena discussed above, and a definite relationship exists between the
comparative value of RMS energy with time and the degradation that occurs
in the structural material with time. Thus, all three techniques (count
rate, total count and RMS energy value) are usable, though not equivalent,
in the detection of any of the phenomena which result in acoustic emission.
4.2 Ins trumentation
Measurement of acoustic emission information exhibited by the
various pressure vessels was accomplished by the following equipment
configuration and testing procedures.
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Transducer: Two identical piezoelectric transducers were mounted near
each tank on specially-designed fittings. This insured acoustic proxim-
ity to the tanks without having to bond to the vessel. This minimized
tank-to-tank variations in results due to transducer mounting and safer-
guarded the vessel's integrity. One transducer was located on the inlet
side and the other on the plugged (outlet) side of the tank. The trans-
ducers, made by Boeing, utilized piezoelectric crystals made of PZT-5*
material with an unmounted resonance of approximately 300 kc and several
mounted resonances in the range 50 kc to well over 300 kc. The PZT-5
crystal is very appropriate for monitoring acoustic emission because of
its high sensitivity, permanence, and time stability. Ideally, a trans-
ducer with a perfectly flat response as a function of frequency for all
incoming signals is preferred. Unfortunately, none are available. The
transducers utilized in this program did have a flat response in the
frequency range 0-50 kc. However, in order to eliminate background
noises and other extraneous effects, it was necessary to restrict analysis
to those frequencies above 50 kc in the nonuniform region containing
resonances. Even though the existence of these resonances slightly
impairs analysis of the absolute magnitude of the acoustic emission
pulses, meaningful and conclusive results can be achieved by examining
the relative number and rate of emission of these pulses.
An unrectified acoustic emission pulse has the general shape shown
in Figure 45 with each sequence of pulses corresponding to a single
event. Measurement of these pulses is performed by counting each time
the voltage rises above a predetermined threshold level. Thus, the
exact number of individual events producing the acoustic emission signals
is not measured, .but rather the relative lengths and amplitudes of these
pulses as detected by the transducers.
The instrumentation needed to record the acoustic emission signals
is shown in Figure 46. After the acoustic signals are transformed into
equivalent electrical pulses by means of the transducer, amplification
(gain of 40 db), filtering (rejecting all frequencies below 50 kc), and
an additional amplification (gain of 20 db) are needed before the
*Crystals manufactured by Clevite Corporation, Cleveland, Ohio
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Noise Level (Threshold)
Each rise above threshold is
counted to obtain count rate
per unit time
Signal A m p l i t u d e
I
FIGURE 45 TYPICAL UNRECTIF1ED ACOUSTIC EMISSION PULSES
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signals can be counted. The counter Is set to trigger and count all
incoming signals with an amplitude greater than 0.13 volts peak to peak.
The D/A converter is used to transform the digital reading of the
counter into an equivalent analog form which is plotted as a function of
time on the X-Y recorder. The oscilloscope, although used during the
tests, is not a component essentialvfor translating a series of acoustic
emission signals into final analog form. However, it does give a
continuous, visible trace of the acoustic emission; provides a continuous
survey of the performance of the transducer, amplifier, and filter; and
alerts the experimenter to any extraneous or unwanted signals which might
appear in the system. The tape recorder is used to obtain a permanent
record of any test run. The tape can be used later for further
examination or for audio playback and analysis at reduced speeds.
The instrumentation setup shown in Figure 46 was used on each
vessel. The procedure was to permanently tape record the output from
both the inlet and outlet transducers during the static tests and the
first and last cycles of the tests. Tape recordings were also made
periodically during the fatigue cycles. Permanent records of each
fatigue cycle were obtained with the X-Y plot recorder. To retain the
volume of data within reasonable limits, the intervening fatigue cycles
(2-1000) were monitored from the inlet side only.
The tape recorded information was the primary source of data
acquisition, with the X-Y recording providing the data during the fatigue
tests from 2 to 1000 cycles or failure, whichever occurred first.
This program involved the monitoring of both static and fatigue
tests with the first phase of the work involving the monitoring of five
static burst tests. The results from these tests are presented in the
following section.
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4.3 Teat Results
4.3.1 Static Burst Tests
A total of six PRD 49-1 pressure vessels were tested to failure,
each test consisting of a single cycle to failure. These vessels were
monitored for acoustic emission output by mounting two 300 Khz trans-
ducers on each tank, one on the inlet side and one on the outlet side.
;(Initially a third 1 mhz transducer was installed on the inlet of each
tank, but the data obtained with the 1 mhz transducer during the initial
tests (Tanks 1-5) did not provide any additional insights into the
acoustic emission phenomenon and was therefore omitted from subsequent
tests.) Analysis of the data was restricted to examination of the
acoustic emission total count parameter as a function of applied
pressure. Table XXI summarizes the results from the five static tests.
The attached graphs (Figures 47 through 56) show the acoustic
emission data and total count as functions of time and pressure as
obtained from each 300 khz transducer, both inlet and outlet sides, from
each test. Occasionally an extraneous background signal would be
recorded and the data would then require correction. These instances
are marked and the true total count curve indicated by a dotted line.
The largest source of these extraneous signals was confirmed to be the
hydraulic bench.
The amount of data sensed by any transducer depends upon the
location of the acoustic source relative to the transducer. An event
occurring very close is readily sensed, while an event occurring some
distance away escapes detection or proper interpretation. Thus, test
data were acquired by averaging the counts obtained from the two trans-
ducer locations so as to minimize effects of source location. This same
transducer arrangement, with the aid of sophisticated triangulation
equipment and a computer, could be used to determine the exact location
of the failure zone.
Investigation of the graphs obtained during this phase of the
program indicated that the total count parameter could be a quadratic
or exponential function of applied pressure, or equivalently, that the
measurable acoustic emission parameter is a quadratic or exponential
function of strain, since applied pressure for composite materials
roughly varies linearly with strain. The average acoustic emission
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signature from each tank was fitted with a least squares fit, and a Chi-
square goodness of fit test was then employed. Three curves were
examined for goodness of fit to the acoustic emission data:
Y = A x l
b x
Y = A2(e - 1)
Y = A- x
where Y is the acoustic emission parameter (total count), x is the
applied load divided by the failure load and Aj and bj are constants.
The reason for examining Y as a function of applied load divided by
failure load is a practical one. During proof testing, acoustic
emission data resulting from some prescribed level of loading could be
measured, and with the appropriate values for the various constants, a
prediction of failure load could then be made. Of course, the latter
prediction would depend upon proper determination of the various con-
stants for the various materials under test. But more important, it
would depend upon the reproducibility of the acoustic emission phenome-
non from tank to tank. This last point would be extremely difficult to
establish, since failure occurs (at least partly) in a stochastic manner
and no two "identical" tanks fail the same way. However, one might be
able to obtain a statistical description of the constants A^ and b.. for
the various tanks in terms of distributions and accompanying parameters,
allowing prediction of ultimate vessel strength within prescribed
confidence bands.
V 2
Both Y = A_(e - 1) and Y = A, x provided excellent fits of the
recorded data which is in accord with many other processes in nature
which occur in either a quadratic or exponential relationship.
Different values of A and b. were calculated for each individual tank,
and there was no way to directly compare these: values to one another
since some of the tanks were structurally different and others composed
of different resin systems. The calculated values are summarized in
Table XXII.
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TABLE XXII CALCULATED VALUES FOR CONSTANTS
A. and b.
x^. Curve*
Tank // ^^ x.
#2 A±
bi
2
X
#4 Ai
bi
2
X
#3 A±
bi
2
X
#20 A±
bi
2
X
b
Y - AI x
3.76 x 105
2.32
0.03
11.3 x 105
2.29
0.32
0.54 x 105
2.01
0.09
1.25 x 105
3.04
0.50
b x
Y - A2(e -•!)
0.37 x 104
5.09
1.32
1.19 x 104
5.01
4.57
.11 x 104 .
4.23
0.10
0.06 x 104
5.69
0.70
Y - A3 x2
3.68 x 105
_ _ _
0.69
11.07 x 105
_ _ _
0.72
0.58 x 105
- _ _
1.27
1.20 x 105
- - -
0.49
* Data obtained from the Static Burst Test Data (See Figures No. 49-56
Calculated x Value Determined by Comparing Eight Data Points
With the Theoretical Predicted Curves, x 90 - 9.24 for Five
Degrees of Freedom.
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No analysis was performed on Tank #1 (the first tank tested) due
to problems encountered during the loading cycle along with various hold
periods which obscured and altered the acoustic data. The data shown
from Tank #1 is that acoustic data obtained during the final cycle to
failure after all the problems encountered with the loading profile had
been resolved.
As stated previously, in order to determine the authenticity and/
or accuracy of the constants A^ and b., a slightly larger sample size
was required. However, since the vessels for the fatigue studies were
identical to either Vessels #3 or //4, a crude approximation of the
ultimate strength of the fatigued vessels was performed by measuring the
amount of emission emitted during the first cycle of loading. The
results, in conjunction with the theoretically determined values for the
various constants of this analysis, are reported in the next section.
4.3.2 Fatigue Tests
A total of nine pressure vessels (No. 5-12 and 15) were tested in
fatigue. The vessels were to be fatigued to the accumulation of 1,000
test cycles followed by an additional uninterrupted pressurization to
failure. Four of the nine pressure vessels (No. 9, 11, 13, 15) failed
in fatigue prior to logging the prescribed 1,000 cycles.
The purpose of this phase of the program was to determine if the
acoustic emission phenomenon showed potential for use as a fatigue life
gauge and/or incipient failure detection tool. It was also intended to
determine if any similarity existed between the acoustic emission
exhibited by composite materials during fatigue with that exhibited by
other materials, namely, metals subjected to similar fatigue loading.
In metals, the acoustic activity is quite high initially, i.e., during
the first few cycles. The activity then drastically decreases after
which the data experience another increase just prior to failure. This
increase has been noted to occur in the range of 50%-90% of ultimate
fatigue life. In two (No. 9 and 11) of four pressure vessels which
failed in service, no preindicator of imminent failure was definitely
visible in the acoustic emission data. However, a very sharp distinctive
rise did occur on the final failure cycle. Table XXIII briefly
summarizes the results of these four tests.
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TABLE XXIII Acoustic Emission Behavior of
Vessels #9, #11, #12, and #15
Tank #
9
11
12
15
Failure
Cycle
1002
38
232
34
Definite Acoustic Indication
of Impending Failure
On Final Cycle Only
On Final Cycle Only
On Cycle #225
On Cycle #26
Notes
Minor Indication of
Impending Failure
Possible Indication
of Impending Failure
Very Good Indication
of Impending Failure
Very Good Indication
of Impending Failure
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The acoustic emission total count behavior per cycle, although not
quantitatively repeatable, was qualitatively similar in behavior for all
the nine vessels subjected to cyclic loading. The first cycle was
typified by an acoustic emission pattern identical to that exhibited by
the vessels in the previous static testing phase. The second cycle was
typified by a drastic decrease in activity from that observed during the
first cycle of loading. This decrease is attributed to the Kaiser
Effect or irreversibility nature of the acoustic emission phenomenon.
This effect states that if stresses on a material are relaxed and then
reapplied, the material will not release acoustic emission until the
previous level of stress has been exceeded. For the nine vessels tested,
the activity on the second cycle decreased by factors of 1/4 to 1/40.
The third cycle was typified by a further decrease in the acoustic emis-
sion activity. It was usually on the third or fourth cycle that the
activity per cycle settled down to a constant value which would remain
the same for the remaining cycles. The tanks that sustained the 1,000
fatigue cycles followed this pattern, showing no increase in acoustic
activity per cycle during the entire cycling profile. However, with
regard to the four tanks that did fail in service, the following notes
may be made.
Tank #9 - No prior indication of imminent failure occurred. Due
to an error in the counting mechanism, 1,002 cycles were logged on
the tank, the tank failing on the 1,002nd cycle. The acoustic
emission activity per cycle showed no increase whatsoever during
the last 10 cycles. However, the final failure cycle was typified
3
by an excessive amount of activity, a total of 27.0x10 counts
3
compared to an average of 0.44x10 for the earlier cycles.
Tank #11 - A possible indication of impending failure might have
occurred on Cycles #33 and #34. But because the increase in
activity was not drastic and readily disappeared on Cycle #35, it
was impossible at the time to confirm that this behavior was an
actual precursor of failure on Cycle #39.
Tank #12 - The acoustic emission data saturated on Cycle #229
after giving indications of increasing deterioration on Cycles
#225 through #228. The cycling was finally halted on Cycle #232
127
after a pinhole fracture in one end of the tank was discovered.
(Upon examination, the failure was found to Be aihole in the liner
which was repaired and the cycling continued. The tank failed
after 544 cycles.)
Tank #15 - Impending failure was noted and predicted in the case
of Tank #15. There were ample indicators commencing on Cycle #26.
The acoustic activity per cycle increased by a factor of 100
during the last eight cycles.
(.- These results seem to support the contention that acoustic emission
does indeed provide possible incipient failure detection points within
the cyclic life history of a pressurized vessel. However, more exper-
ience is still required to accurately pinpoint these signals and to
determine the degree of referenced criticality.
Shown in Figures 57 to 74 are graphs of the acoustic data during
the first cycle of loading as obtained fromc-the various vessels. Two
graphs per vessel are shown. One graph depicts the acoustic signature
as manifested by the inlet transducer, while the other depicts the
acoustic signature as manifested by the other transducer. If the tank
did not fail during the prescribed 1,000 fatigue cycles, then the
acoustic signature during the final burst cycle is superimposed on the
graph containing the first cycle information. Attention is called to
any changes in scale which might occur. These changes were effected in
order to facilitate inspection of the data. Full scale sensitivities
were sometimes increased so that acoustic emission behavior during even
relatively quiet test runs could be observed. The data presented in
these graphs were used to calculate average acoustic emission values and
to construct the data presented in Table XXIV. Due in part to a tape
recorder malfunction and partly to human error, no tape recorded data
were obtained on Vessels #13, #17, and #23. In addition, no tape
recorded information was obtained on the final burst cycle of Vessel #10.
The only data obtained from these four tanks are the data recorded by
the X-Y plotter connected to the inlet side transducer. These numerical
totals of acoustic emission should not be combined or compared with the
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TABLE XXIV
SUMMARY OF ACOUSTIC EMISSION DATA OBTAINED FROM VESSELS NO. 5-15
Tank #
ERLA 4617
6
8
10
12
© 14
Resin No. 2
5
7
9
11(Dd) 13
© 15
Avg. A.E.
Counts to
8.6 x 106N/m2
0.82 x 105
1.15
0.07
0.06
0.42
0.62 x 105
2.46
0.06
0.04
6.86
3.70
Avg. A.E.
Counts
During
First Cycle
0.82 x 105
1.15
0.20
0.12
9.16
0.62 x 105
2.46
1.05
0.70
17.50
9.70
Avg. A.E.
Counts
Accum.
During
Fatigue
Cycles
//2-1000
5.05 x 105
10.55
6.08
0.03 (4)
—
1.92 x 105
4.16
2.15 (?)
0.39 ©
5.05 ©
Avg. A.E.
Counts
During
Final
Burs-t
Cycle
5.30 x 105
7.20
?
- —
0.78 x 105
2.55
- —
Total
A.E.
Counts to
Failure
11.17 x 105
18.90
>6.28
0.15
9.16
3.32 x 105
9.17
3.20
1.09
17.50
14.75
Total A.E.
Counts
During Un-
load Side
of Fatigue
Cycle
1.42 x 105
1.27 .
1.11
0.02
0.29 x 105
3.22
3.39
0.79
0.33
© Avg. Count to 8.69 x 10 N/m (1250 psi) for Vessels 5-8, and to 12.96 x 10 N/m
(1880 psi) for Vessels 9-12 and 15.
(7) All Data on Tanks //13 and #15 from X-Y Plotter, not to be compared with other
data.
S Tanks #13 and #14 were Loaded Directly to FailureTank #12 Failed on Cycle #257 (Tank was repaired and cycling continued to 544 cycles),
© Tank #9 Failed on Cycle #1002
(?) Tank #11 Failed on Cycle #38
(7) Tank #15 Failed on Cycle #34
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tape recorded information from the other vessels, since the Ampex FR
1300 which was used for taping purposes has an upper frequency cut-off
of 300 khz. The data recorded by the X-Y plotter include all the infor-
mation normally recorded by the tape recorder plus an additional
component corresponding to that information with frequency content
greater than 300 khz. Thus, one would expect the amount of data on tape
to be somewhat less than that presented by the X-Y recorder. Table
XXIV summarizes the data obtained from the nine fatigue and two burst
tests conducted during this phase of the testing program.
Several different avenues of approach were attempted in examining
the acoustic emission data documented in Table XXIV. In order to better
visualize the data, Table XXV was developed. Tanks #13 and #15 have
been omitted from this table because no tape recorded information was
obtained on these tanks. By inspection of the data in Table XXV it can
be observed that, with the exception of vessels No. 4 and No. 6, that the
stronger vessel exhibited the higher total acoustic emission counts to failure.
(Vessel No. 4 was not cycled while the others were, so it may not be realistic
to even consider that as an exception at this time.) It is significant to
note that this is independent of cyclic stress level. If one considers
that more energy is required to burst a stronger vessel, it is reasonable
that the total amount of acoustic energy released should be greater for
the stronger vessel. This indicates that for future studies an equally
important acoustic emission parameter to instrument is the second derivative
of the total count function or the change in rate of emission. This parameter
could give an indication of tendency or acceleration to failure. Once this
factor reached a critical value, corrective action could be undertaken.
From the acoustic data, the stronger vessels emit greater emission
throughout their entire loading profile and as the data shows in Table XXV,
6 2
the emission count at 8.69 x 10 n/m (1260 psi) is greater for the stronger
vessel. (Again Vessels No. 4 and 6 are exceptions, but they do stay in the
same relative order established by the total emission count.) The fact •
that the stronger vessels released greater emissions over their entire
loading profile was an unexpected behavioral pattern, and warrants additional
TABLE XXV Load History and Related Acoustic Data
for Vessels #3 - #12, #14 and #15
Tank #
ERLA 4617
4
8
6
14
10
12
Resin No. 2
7
5
9
11
3
History
One cycle only failed at
14.68 x lO^N/m2 (2129 psi)
Withstood 1000 cycles at
8.69 x 106N/m2; failed at
18.40 x 106N/m2 (2669 psi)
Withstood 1000 cycles at
8.69 x 106N/m2; failed at
19.25 x 106N/m2 (2792 psi)
One cycle only failed at
17.03 x 106N/m2 (2470 psi)
Withstood 1000 cycles at
12.96 x lO^N/m2 (1880 psi)
failed at 14.63 x 106N/m2
(2122 psi)
Withstood only 544 cycles
at 12.96 x 106N/m2 (1880 psi)
Withstood 1000 cycles at
8.69 x 106N/m2 (1260 psi)
failed at 18.43 x 106N/m2
(2673 psi)
Withstood 1000 cycles at
8.69 x 106N/m2 (1260 psi)
failed at 17.49 x 106N/m2
(2537 psi)
Withstood 1002 cycles at
12.96 x 106N/m2 (1880 psi)
Withstood 38 cycles at
12.96 x 106N/ra2 (1880 psi)
One cycle only, failed
at 13.36 x 106N/m2
(1938 psi)
A.E. sr\
Counts toV-x
8.69 x 106N/m2
3.35 x 105
1.15 x 103
0.82 x 105
0.42 x 105
0.07 x 105
0.06 x 105
2.46 x 105
0.62 x 105
0.06 x 105
0.04 x 105
0.19 x 105
Total A.E.
Counts to
Failure
12.70 x 105
18.90 x 105
11.17 x 105
9.16 x 105
>6.28 x 105
0.15 x 105
9.17 x 105
3.32 x 105
3.20 x 105
1.09 x 105
0.68 x 105
© *• r\Accounts emitted on first cycle to 8.69 x 10 N/m (1250 psi)
149
study. If valid this behavior is significant in that for a given vessel
design, limits of acceptability can be established which will indicate a
vessel's quality based on a proof test (e.g., 60% of ultimate).
An attempt was made to obtain an order of magnitude estimate of the
failure load of the various vessels by noting the counts emitted to
6 28.68 x 10 n/m (1,260 psi) during the first cycle of loading. The value
obtained in conjunction with the estimates of A. and b calculated from
the static burst tests were used for this exercise. The reasoning behind
this was twofold:
1. Could this procedure be possible, i.e., predicting reasonable
estimates of the ultimate strengths of the various tanks?
2. How good were the estimates of the A.'s and b.'s obtained from
the burst tests?
Using the previous calculated values of A. and b., ultimate
strength values of the tanks undergoing fatigue were made. Of course,
the values calculated would not necessarily be indicative of performance
during the fatigue process; however, they should give reasonable estimates
of a one-cycle strength. In the case of the vessels fabricated with ERLA
4617, the estimates obtained with each distribution were unreasonably high,
6 2
ranging from a lowest figure of 19.1 x 10 n/m (2,771 psi) to an unreal-
£ *\
istic 114 x 10 n/m (16,568 psi). In the case of the Resin No. 2 vessels,
the values obtained were unreasonably low, ranging from a lowest estimate
of 4.1 x 106 n/m2 (588 psi) to a value of 10.6 x 106 n/m2 (1,546 psi).
If this procedure is indeed justified, and since we would expect the various
A.'s and b 's to be distributed about some mean, this would indicate that
either the values of the A 's and b 's calculated in the previous section
do not represent the true mean value or the mean value is not sufficiently
descriptive of the distribution. Additional analysis was performed by not-
fi o
ing the counts emitted to 3.4 x 10 n/m (500 psi) and then calculating
ultimate strength values using the same values for the A 's and b 's.
However, these calculations roughly yielded the same results that had been
previously obtained. This would indicate that more work is required in
order to verify and calculate better estimates of these parameters and their
respective distributions.
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Softie consideration was given to examining the total counts emitted
to failure for the various tanks regardless of whether they were fatigued
or loaded directly to failure. One area of speculation considered
whether the total counts to failure might be a function of the vessel's
integrity rather than of the way it was failed. By examining Column 4
in Table XXV, it might seem reasonable to conclude that so-called
"identical" tanks might emit the same amount of acoustic data regardless
of whether failure is in fatigue or single cycle, the only influencing
factor being the integrity of the tank as originally manufactured. Of
course, the statistical sample size is too small at this time to warrant
the placing of any figures of estimate or calculation of correlation
coefficients.
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5.0 CONCLUSIONS AND RECOMMENDATIONS
A. The exploratory studies performed under this program demonstrated
that PRD 49-1 is a competitive fiber reinforcement for high performance
filament wound pressure vessels. The fiber is comparable to S-glass
vessels on the basis of specific composite strength and superior to
S-glass in terms of specific fiber stress, fiber modulus, and composite
modulus. Limited work on PRD 49-3 indicates superiority over S-glass
in all these respects, as well as fiber and composite stresses.
For static burst applications, the PRD 49-1 reinforcement gave
performance factors in the range of 1.8.5-2.33x10 cm (0.73-0.92x10
PVinches) which is comparable to that obtained with S-glass (— =
6
2.14x10 cm). Vessels made with the PRD 49-3 fiber provided a performance
factor of 3.6x10 cm (1.42x10 inches) or better than 50% higher than
either PRD 49-1 or S-glass reinforced vessels. The specific modulus of
the PRD 49-1 and the PRD 49-3 vessels were 3.1 and 2.3 times greater,
respectively, than an S-glass vessel with similar operating parameters.
B. PRD 49-1 filament wound vessels have excellent fatigue characteristics.
At 90% of ultimate strength the vessels can withstand in excess of 30
cycles which is approximately 10 times better than that which can be
achieved with S-glass vessels.
At 60% of ultimate, the PRD 49-1 withstood 1,000 cycles without
failure. Subsequent static burst tests on these vessels showed a 17%
increase in the average maximum fiber stress, indicating that the vessels
have a relatively high fatigue life at that cyclic level. A possible
explanation for the increased strength of the fatigued vessels is that
during cyclic loading the more highly stressed fibers fail, reducing
internal stresses and providing a more uniform fiber stress field within
the vessels. The net result is a greater overall performance. Due to
the significant degree of the increase, additional investigation into
this phenomenon is warranted.
Cycling the vessels at either 60% or 90% of ultimate had no
detrimental effects on the modulus of the vessel.
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C. On the basis of data from NOL ring specimens, the tensile strength
and interlaminar shear strength of a PRD 49-1 filament wound composites
remains relatively constant between 21°C (+70°F) and -252°C (-423°F).
The modulus showed approximately a 32% increase over that temperature
range.
D. It is recommended that additional characterization of the PRD 49-1
(and -3) vessels be made, namely, creep rupture data, property versus
temperature data, and additional fatigue data is required. The data
generated to date has demonstrated the potential of PRD 49-1 (and -3)
as a reinforced fiber for vessels, but additional tests are required to
establish design data and limiting criteria.
E. Based on the results of the testing program, it is believed that
acoustic emission techniques show potential as a quality control device
for filament wound pressure vessels. The technique used to predict
ultimate strengths does seem to be plausible, with better estimates of
these strengths depending on the calculation of more accurate values of
the parameters A. and b.. Results from the fatigue tests tend to
indicate that the total counts to failure might be a constant for a
vessel regardless of whether it is failed in one continuous cycle or
numerous fatigue cycles. In order to verify the accuracy of these
hypotheses, a larger sample size of identical tanks should be
monitored. This would not only enable better calculation of the
parameters A and b, but would provide further reinforcement or denial
of the hypothesis that weaker vessels release less acoustic emission
to the same level of loading. This last relationship was totally
unexpected at the beginning of the testing program. Although one can
provide a reasonable rationale for this behavior, it is still not
explicitly understood. For example, one could postulate that a higher
energy burst or "event" from a highly stressed vessel could cause the
transducer to "ring" longer and therefore more counts would be recorded
per event or the higher amplitude emissions would result in more
"trigger" actuations. Overall additional understanding and insight into
the acoustic emission phenomenon can be acquired with further testing.
Any future studies should have provisions for computer data analysis and
correlation.
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APPENDIX A
1.0 INTRODUCTION
Presented in this specification are the mandrel fabrication
procedure, cylinder fabrication and test methods to be utilized
in Task 1 of NASA Contract NAS3-13330. These methods were
written and submitted in compliance with the requirements of
Exhibit A of that contract and NASA approval granted.
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2.0 MANDREL FABRICATION PROCEDURES
This section of the specification defines the materials, tooling
and procedures to be used in forming the mandrel for fabrication
of the PRD 49-1/epoxy filament wound NOL test .rings.
2.1 Plaster Mandrels
2': 1; 1 ' Materials
a. Water soluble casting plaster - U. S. Gypsum cast plaster or
equivalent.
b. Petroleum Jelly (Vaseline)
2.1.2 Tooling and Equipment
a. Air Circulating Oven or drying room, 66*C (150'F)
b. Aluminum mold, 14.6 cm (5.75") I.D. x 30.5 cm (12") long.
See Figure 2.1 (1 required).
c. Support shaft, 2.54 cm (1.0") diameter x 45.7 cm (18") long
steel tubing (1 required).
d. End plate (1 required) - See Figure 2.2
e. Centering web (1 required) - See Figure 2.3
f. Steel collars (2 required) - See Figure 2.4
g. Aluminum support plate (1 required) - See. Figure 2.4
h. Balance
2.1.3 Procedure
a. Lubricate the entire interior of the aluminum mold, the end
cap, support plate and centering web of the mold assembly
with a uniform coat of vaseline to prevent adherence of the
plaster. Do not put vaseline on the support shaft.
b. Assemble mold as shown in Figure 2.4.
c. Weigh out equal parts of plaster and water in sufficient
quantity to fill mold (Approximately 8 pounds of plaster and
8 pounds of water).
d. Slowly sift plaster into the water, mixing thoroughly.
Gently stir the mixture until the plaster is dissolved and
free of lumps. Precautions should be taken in stirring to
minimize the amount of air entrapped in the mixture.
1*8
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Material:
Aluminum
6061 T6
:0.5 cm
2.0" (Nominal)
15.2 en
— 6.00"Dia
14.6 cm
5.750"(Dia
FIGURE 2.1 ALUMINUM MOLD
159
APPENDIX A
14,59 on
-5.745"Dia.
Material:
Aluminum, Any Alloy
.565 cm _. ,, .Dia Hole
1.27 cm
0.500"
t
A - A
FIGURE 2.2 END PLATE
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[2.54cm x 0.147cm]
1.0 OD x .058 Wall Steel Shaft
Web Figure 2.3
Al Pipe Figure 2.1
Figure 2.2
K [l5.2cm x 15.2cm x .635cm]6"x6'x 1/4"AI Plate
(Support Plate)
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FIGURE 2.4 MOLD ASSEMBLY
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e. After permitting the mixture to stand for a period of 2-4
minutes, pour the plaster mixture into the mold. Shake or
vibrate the mold during the filling operation to prevent
entrapment of air.
After the plaster has set up (approximately 20 minutes), remove
the end plate, collars and the centering web, and place the
remaining mold assembly in an oven or dry room for 24 hours at
66°C (150°F).
After the initial drying of the plaster is completed, remove mold
assembly from oven and permit to cool to room temperature.
Remove the aluminum mold by sliding it over the cast plaster
mandrel, taking care not to damage the plaster.
Return cast plaster mandrel to oven for a minimum of 24 hours at
a temperature of 66°C (1508F) to complete the drying cycle.
The surface of the finished mandrel should be smooth and free of
pits or bubbles. Any defects on the mandrel surface that will
impair the quality or fabrication tolerances of the subsequent
filament wound overwrap shall be repaired, or the mandrel
discarded.
2.2 Paraplast Mandrels
2.2.1 Materials
a. Paraplast #36, Product of Rezolin, Inc., 20701 Nordhoff St.,
Chatsworth, California 91311.
b. Petroleum Jelly (Vaseline)
2.2.2 Tooling and Equipment
a. Air circulating oven or drying room, 66°C (150°F).
b. Aluminum mold, 14.6 cm (5.75") ID x 30.5 cm (12") long (1
required) - See Figure 2.1.
c. Supportashaft, 2.54 cm (1.0") diameter x 45.7 cm (18") long
steel tubing (1 required).
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d. End plate (2 required) - See Figure 2.2
e. Centering web (1 required) - See Figure 2.3
f. Steel collars (2 required) - See Figure 2.4
g. Aluminum support plate (1 required) - See Figure 2.4
h. Air circulating oven - 260°C (500°F) capability.
i. Balance
2.2.3 Procedure
a. Lubricate the entire interior of the aluminum mold, the end
caps, support plate and centering web of the mold assembly
with a uniform coat of vaseline to prevent adherence of
plaster. Do not put vaseline on the support shaft.
b. Assemble mold as shown in Figure 2.4.
c. Place Paraplast powder or chunks in a clean metallic
container (approximately 25 Ibs. per mandrel) and heat to
204-215°C (400-420°F). The Paraplast will melt into a fluid
castable material at this temperature. Below this tempera-
ture the material will not cast uniformly and overheating
will increase viscosity, shorten mold life and may produce
harmful vapors. Overheating also causes slight foaming,
resulting in a porous casting. Paraplast must iirot be heated
higher than 288°C (550°F) under any circumstances as
Considerable danger would exist.
d. Preheat the mold assembly (Figure 2.4) in an oven to 80-107°C
(175-225°F).
e. When the Paraplast and mold have reached their respective
equilibrium temperatures, casting can proceed. Holding the
mold vertically but at a slight angle, gently and evenly pour
the Paraplast into the mold. Pouring rate must be adjusted
by visual observation. If the Paraplast is poured too
rapidly, air may be trapped inside. If poured too slowly,
there will be pour lines in the surface- due to irregular
cooling.
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f. Allow the mold to cool to 66CC (150°F) and then remove the
casting from the aluminum. Mandrel can be used after it has
cooled to room temperature. For the filament winding of all
composite cylinders on Paraplast mandrels, end plates must be
used with each mandrel to constrain the material (see Section
3.2).
The surface of the finished mandrel shall be smooth and free
of pits or bubbles. Any defects on the mandrel surface that
may impair the quality or fabrication tolerances of the
filament-wound overwrap shall be repaired or the mandrel
discarded.
g. Paraplast mandrels must be stored in a dry place since the
material readily absorbs moisture from the air. Preferably,
the mandrels should be stored in a dehumidified room or
38-93°C (100-200°F) drying oven. Do not store in a plaster
drying oven since the air is generally too humid.
Note: SAFETY PRECAUTIONS: Paraplast can be a dangerous
material to handle, and proper precautions should be
taken. The safety brochure on the handling of
Paraplast must be read thoroughly prior to its use.
2.3 Sand Mandrels
2.3.1 Materials
a. Sand, 50 mesh, washed.
b. Liquid polyvinyl alcohol (PVA)
c. Petroleum jelly -Vaseline)
2.3.2 Tooling and Equipment
a. Air circulating oven or dryUng room, 66°C (150*F).
b. Aluminum mold, 14.6 CM (5.75") ID x 30..5 cm (12") long (1
required) - See Figure 2.1.
c. Support shaft, 2.54 cm (1.0") diameter x 45.7 cm (18") long
steel tubing (1 required).
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d. End plate (3- required) - See Figure 2.2.
e. Centering web (1 required) - See Figure 2.3.
f. Steel collars (2 required) - See Figure 2.4.
g. Aluminum support plate (1 required) - See Figure 2.4.
h. Balance
i. Sand tamping aluminum rod, 2.54 cm (1") diameter x 45.7 cm
(18") long.
2.3.3 Procedure
a. Lubricate the entire interior surface of the aluminum mold,
the end caps, support plate and centering web of the mold
assembly with a uniform coat of vaseline to prevent
adherence of plaster. Do not put vaseline on the support
shaft.
b. Assemble mold as shown in Figure 2.4. Stand mold vertical in
a support stand that firmly supports the end plate of the
mandrel. The sand will be compacted with force, and the
support stand must be capable of withstanding the compaction
forces.
c. Prepare a sand/PVA mixture by weighing out 100 parts by
weight sand and 12 parts by weight liquid PVA. Gradually add
the PVA to the sand, mixing thoroughly as the liquid is
added. Mixing can be accomplished either by hand or with a
blending mixer. Sand particles should be thoroughly coated
with PVA and no dry areas should be present when the mixing
is complete.
d. Place sand/PVA mixture into mold assembly to a depth of about
5.1 cm (2 inches) and tamp with an aluminum rod to form a
dense, void-free mandrel. Gradually add sand in 5.1 cm (2")
increments to mold and compact each layer. Centering web
may be rotated during compaction to enable the tamping rod to
reach all areas of the mold.
The sand addition and compacting operation should be accomplished
as rapidly as possible to prevent crust formation on the sand.
Alcohol evaporates from the mixture and the resulting crust
results in dry spots and weak areas within the mandrel.
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Place the mold assembly in a drying oven at 66°C (+150°F) for
24 hours. After this period of time, remove the mandrel from
the aluminum mold and cure for an additional 24 hours at 66°C
(+150°F).
The final mandrel shall be dense and uniform with no voids,
pits, or bubbles which may impair the quality or fabrication,
tolerances of the filament-wound overwrap composite. Any
defects shall be repaired or, if too severe to repair, the
mandrel shall be discarded.
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3.0 CYLINDER FABRICATION
Presented in this section are the yarn impregnation and winding
procedures, composite curing conditions, and machining techniques
that will be used in the fabrication of composite NOL rings
specimens for the subject contract.
3.1 Impregnation Procedures
3.1.1 ERLA 4617/CA System
a. Resin Mix
Mix the ERLA 4617 epoxy resin with the C£ hardener (m-PDA) in
the ratio of 27 parts by weight hardener per epoxy assay
weight of resin. The assay weight for the batch of resin
procured for this program was 114. Therefore, the resin
mixture consisted of 114 parts by weight resin and 27 parts
by weight hardener.
Prereact approximately a 10 times batch of mixed resin for
3 1/2-4 hours at 85°C + 3°C (185°F + 5°F) in a reaction flask
under reflux. During the reaction period, add methyl ethyl
ketone (MEK) solvent to the resin to maintain a working
viscosity. The amount of MEK should be held to a minimum.
At the completion of the prereaction period, add sufficient
MEK to the reaction flask to lower the viscosity to approxi-
mately 700 cps. Stored at 6°C (40°F) until required (maximum
of 30 days).
b. Preimpregnation
Prepregging is performed by combining two predried single
PRD-49-1 yarns, forming in essence a 2-ply roving. The yarn
shall be dried for one hour at 107°C (225°F) and 6-12 hours
at 66°C (150°F) prior to winding to remove surface moisture.
Precautions shall then be taken to ensure that the yarn is
protected from absorbing additional moisture during the
winding process. The yarn is impregnated at room temperature
using the precooked mixture having a viscosity of 700 cps.
The impregnated yarn is then passed through a heating zone set
at 121°C-135°C (250-275°F) to drive of f the solvent. Time at
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temperature should be approximately 1 minute. Resin content
is controlled by metering the amount of resin applied to the
yarn. For the high resin content samples (V = 45%) , the
yarn is passed through a second resin bath to bring the yarn
up to the proper resin content. Sufficient resin can not be
picked up on a single pass while still maintaining complete
wetting of the yarns.
During the impregnation cycle, yarn tension should be
maintained at a minimum to facilitate wetting.
After the solvent has been removed, the yarn is wound onto a
take-up spool and stored in polyethylene bag with a. desiccant
until ready for use.
3.1.2 Resin System No. 2
a. Resin Mixture
Resin is mixed using the following formulation:
Epon 828 epoxy resin 100 parts by weight
Empol 1040 20 parts by weight
Dodecenyl Succinic anhydride (DSA) 115.9 parts by weight
Benzyldimethylamine (BDMA) 1 part by weight
Warm the Epon 828 and Empol 1040 to 93 °C (200°F) and mix
thoroughly. Add the DSA and BDMA and then maintain the
mixture at 93°C for 0.1 hour. The resin should be stirred
constantly. After this period of time, cool the mixture to
room temperature. The viscosity at 25°C should be 8,000-
10,000 cps. The resin is then ready to use.
b. Preimpregnation
Preimpregnation of the PRO 49-1 yarn is performed in the same
manner as for the ERLA 4617/CJ, system except the heating zone
is set at 218-232°C (425-450°F) and the' time increased to 2
minutes.
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3.2 FILAMENT WINDING PROCEDURE
3.2.1 Scope
This process specifies the equipment and procedures to. be used in
the fabrication of filament-wound PRO 49-1 epoxy cylinders from
which NOL-type tests rings will be cut.
3.2.2 Materials
a. PRD 49-1 epoxy preimpregnated yarn.
b. Teflon film .0127 mm (0.5 mil) thick
c. Masking tape, 1.9 cm (.75") wide
d. Frecoat parting agent
3.2.3 Equipment
a. Filament winding machine
b. Winding mandrel (See Section 2.0)
c. Tensiometer
d. Tensioning device
e. /Air circulating oven, 232°C (450°F) capability, programmed
temperature control
3.2.4 Procedure
a. Install winding mandrel (See Section 2.0) into the filament
winding machine and secure. The mandrel may be plaster,
Paraplast or sand, and is selected according to the contract
project plan. If a Paraplast mandrel is to be used, the
mandrel shall have aluminum end plates installed and secured.
Be sure to spray Frecoat parting agent on the end plates
prior to their installation to prevent resin bonding.
b. Install the prepreg yarn in the winding creel.
c. Cut a 1.83 meter (6') sample of prepreg yarn from the spool
for quality control purposes. 0.9 meters of this sample
shall be measured accurately (+ 2 mm) and weighed to the
nearest 0.1 gram. This weight shall be compared to an
equivalent length of dry (unimpregnated) yarn and the resin
content computed as follows:
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% Resin by weight = I°P"Rnated Yarn Wt - Dry Yarn Wt3 8
 Impregnated Yarn Wt
This value calculated for resin content shall be within +2%
of the value specified in the project plan and that designated
on the prepreg roving spool.
The remaining 0.9 meter of prepreg yarn shall be cut into 30
cm (12") lengths and cured into strands using the cure cycle
designated in Section 3.2. The cured strands shall then be
reserved for strand tensile testing at a later date.
d. Attach the yarn to the mandrel. Set the winding machine at 8
to 24 rpm and begin winding circumferential windings at a
transverse rate of .25 cm/rev. (0.1 inch/rev.). Adjust and
measure the yarn tension to obtain the tension value specified
in the project plan. It is important that the tension be
measured while the yarn is moving since the static and dynamic
tension values differ. If the speed of the machine is changed
for any reason, the yarn tension must again be checked and
reset if necessary. Once the desired tension is obtained,
shut off the machine and remove all material from the winding
mandrel and prepare to wind the actual component.
e. Coat the mandrel with a very thin but uniform layer of vacuum
grease, then apply a layer of 0.5 mil FEP Teflon film. The
grease will hold the film in place and prevent wrinkling. If
the mandrel is Paraplast, be sure to extend the FEP film over
the metallic end plates. The film shall have a S.3 cm overlap.
(If the film is over 0.5 mil thick, then a butt joint must be
used.)
f. Attach the yarn to one end of the mandrel and begin to wind at
the preset tension, traverse rate and mandrel speed. The
traverse rate should be selected to give a side-by-side lay-
down pattern. (For one single yarn of PRD 49-1, a traverse
rate of 0.1 cm (.040")/rev will give a satisfactory pattern).
Traverse the mandrel to a distance designated in the project
plan and then reverse the carriage travel, depositing the
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. second layer of yarn upon the first. Repeat traverses until
the desired composite thickness is obtained (generally 0.25
cm) .
Once the cylinder is complete, the yarn can be cut and the
cylinder prepared for cure. Precautions must be taken with
the Paraplast mandrels. Whenever a cylinder or cylinders are
fabricated upon these mandrels, the actual windings must cover
the entire mandrel, including the end caps to a minimum
thickness of 0.1 cm. If more than one cylinder is fabricated
upon a mandrel, a minimum of 0.1 cm of composite windings
must be placed between cylinders to constrain the mandrel
material.
g. After completing a cylinder, another 1.8 meter sample of yarn
is to be taken for quality control checks and subjected to
the tests designated in Paragraph c. All data are to be
recorded.
h. Upon completing a cylinder or cylinders, each must be
identified with the following information:
1. Resin System
2. Tension
3. Resin Content
4. Location on Mandrel
3.2.5 Curing
a. All cylinders in this program will be cured without auxiliary
pressure. The mandrel shall be placed in a support stand in
an air circulating oven. The stand shall be designated so
that the mandrel is supported only by its support shaft.
b. The cylinder shall be subjected to the following cure cycle:
2 hours at 66°C (150°F)
4 hours at 149"C (300°F)
Cure temperature shall advance at a rate of 3° per minute.
During cure, the cylinder shall be rotated 90° every 15 minutes
for the initial 60 minutes. After this period of time no
further rotation is required.
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c. When the cure cycle is complete, the mandrel should be allowed
to reach room temperature, after which time test specimens
may be machined from the cylinders. Do not remove the
cylinder from the mandrel prior to machining,
3.3 Machining Procedures
3.3.1 Scope
Defined in this section are the machining procedures which shall
be used to cut unidirectional filament-wound PRD 49-1/epoxy
composite cylinders into NOL ring type specimens and short-beam
interlaminar shear specimens.
3.3.2 Equipment
a. Lathe
b. Diamond cutoff wheel
3.3.3 Procedure
a. Install and secure mandrel assembly in lathe.
b. Using a diamond-cut-off wheel, align equipment to permit cuts
90° to the center axis of the cylinder.
c. Starting at one end of the cylinder, make an initial cut
through the filament wound composite. PRD 49-1 fibrous
composites have a tendency to fuzz and fray if improperly cut,
so it is important that the following parameters be used:
Cut-off Wheel Speed: 5500 to 6500 rpm
Mandrel Speed: 15 to 30 rpm
Cutting (feed) Rate: .127 mm/rev (.005"/rev)
Lubrication: Water
(Do not attempt to cut composite when dry.)
d. After completing initial cut, machine individual rings from
the cylinder which are 6.35 mm + .127 mm - .000 (0.250 + .005,
-.000 inch) wide. Each cut should use the parameters stated
in Paragraph c. above. Repeat the procedure until the
required number of test rings have been cut from each cylinder.
e. When eachining is complete, remove the rings from the mandrel,
taking care not to damage the specimens. If the rings have
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some loose fibers or burrs on the edge as a result of the-
cutting operation, place a sheet of 600 grit abrasive paper
on a surfacing plate and using light hand pressure and a
circular motion, abrade the fibers off. Take precautions not
to oversand and destroy machining tolerances.
Each ring shall be identified with the following information:
1. Identification Number
2. Mandrel Material
3. Winding Tension
4. Resin System
5. Scheduled Fiber Content
6. Date of Fabrication
Interlaminar shear specimens shall be cut from individual NOL
rings using a diamond cut-off wheel and shall have the
dimensions shown in Figure 3.1.
APPENDIX A
0.635 cm
0.25* :
0.25 cm
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X
7.302 cm
2.875"R
A**-W«unfll jurfat* («onifafvrthi«kn«ss ±0.005 cm).
Grind surfaces flat and parallel to filament direction ±0.005 cm.
Grind ends flat, parallel and normal to longitudinal axis.
Use extreme care, prevent delamination and avoid extreme, local
clamping pressures.
FIGURE;3.1
FILAMENT WOUND HORIZONTAL-1NTERLAMINAR SHEAR SPECIMEN
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4.0 TEST METHODS
Presented in this section are the test methods that will be
utilized under Contract NAS3-13330 to evaluate the PRD 49-1
reinforced composites.
4.1 Tensile Strength of Composite Rings - Case Method
4.1.1 Scope
The objective of this test method is to determine the tensile
strength of unidirectional filament-wound composite NOL rings
utilizing a Case University test fixture and technique. This
technique will be used to test composite rings in Task 1A only
of Contract NAS3-13330.
4.1.2 Test Equipment
a. Tensile Machine - A 60,000 Ib. capacity universal testing
machine capable of applying calibrated loads at a select and
controllable crosshead rate. Machine must be accurate within
4<).l percent of the indicated load value.
b. Test Fixture - Case University ring test fixture capable of
transmitting a vertical load uniformly in a horizontal
direction by means of a restrained rubber ring (See Figure
4.1).
4.1.3 Test Specimen
The rings used in this test shall be fabricated in accordance
with Section 3.0 of these specifications. The test specimen
nominal dimensions shall be 14.6 cm (5.75") I.E., 0.635 cm (.25")
wide, and .25 cm (.10") thick. Exact dimensions and tolerances
are stated in Section 3.0. Specimen dimensions shall be measured
to the nearest .03 mm (.001") with a minimum of three readings
taken for each dimension.
4.1.4 Test Procedure
a. Fixture Calibration - Calibration of the Case University ring
test fixture is necessary to determine the error in the
fixture due to friction losses. This calibration is accom-
plished by using a 7075-T6 aluminum ring of known strength
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FIGURE 4.1 CASE HYDRAULIC RING TESTER
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and modulus. The ring was machined from an aluminum plate of
known (measured) mechanical properties.
The rubber ring of the test fixture is lubricated with a thin
film of vacuum grease and then the instrumented calibration
ring installed. Instrumentation of the ring consists of 2
strain gages placed 180° apart on the exterior surface of the
ring. The specimen is then loaded in 1,362 Kg. (3,000 pound)
increments at a head travel rate of 1.3 mm per minute (.0511/
min.). At each load increment the strain in the calibration
ring is recorded. Loading continues to as high of load'ate
possible without yielding the ring. When this load is reached,
the calibration run is discontinued. Two calibration runs
shall be made prior to testing each lot of composite test
rings. All testing shall be performed at 21°C + 1°C (+70 +2°F)
unless otherwise stated.
Plot the average strain (e) versus load (P) from the two
calibration runs and determine the calibration constant (K )
s
as follows:
K =
s
where:
K = calibration constant
s
E = elastic modulus of calibration ring -
Kg/cm2 (psi)
R = ring radius to the mid-surface cm (in.)
2 2
Ap = top surface area of rubber pressure ring cm (in )
t = steel ring thickness cm (in.)
— = average strain versus load slope derived from plots
of the two calibration runs T/Kg (1/lb)
Specimen Testing - Mount the test specimen over the outer
periphery of the lubricated rubber pressure ring (lubricate
with vacuum grease) on the test fixture and between the two
steel restraining rings. Locate the hold down ring and
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plunger over the assembled rings. Uniformly torque the test
fixture hold-down bolts. The amount of torque applied shall
be high enough to prevent the rubber pressure ringsfrom
extruding between the restraining rings, as load is applied
to the test fixture but shall be kept at a minimum to avoid
introducing stresses on the test ring. Suggected torque is
30 inch-pounds on each hold-down bolt.
Center assembled test fixture in the testing machine and load
to failure at a controlled head travel rate of 1.3 mm per
minute (.05"/min). Record maximum load carried by the
specimen at moment of rupture. All testing shall be conducted
at 21°C + 1°C unless otherwise stated.
c. Calculations - Calculate the tensile stress of the composite
as follows:
K PR
s
° " V" .
where:
2
a = tensile stress Kg/cm
K * calibration error correction factor
s
P - load at burst Kg (Ib)
R = mid-surface radius of test specimen cm (in)
2 2
A^ = top surface area of rubber pressure ring cm (in )
•fc » thickness of test specimen cm (in)
4.2 Tensile Strength of Composite Rings - Split-D Method
4.2.1 Scope
The objective of this test method is to determine the tensile
strength of unidirectional filament-wound composite NOL-rings
utilizing a Split-D test fixture. This test technique will be
used in Task IB only.
4.2.2 Test Procedure
All testing per this method will be performed per ASTM Test Method
D2290-64T, "Apparent Tensile Strength of Parallel Reinforced
Plastics by Split Disk Method".
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Tests will b« conducted at 21°C (+70F), -195eC (-320F) and -252*C
(-423*1) as prescribed in the program test plan. Specimens shall
be permitted to reach equilibrium with the environment prior to
test.
4.3 Modulus of Elasticity Composite Rings
4.3.1 Scope
This method of test is designed to determine the modulus of
elasticity of a unidirectional filament-wound composite NOL ring.
This is a nondestructive testing technique for composites.
4.3.2 Test Equipment
The test equipment consists of a loading platform and a dial
indicator as shown in Figure 4.2. The fixture must permit precise
loading of the test ring and an accurate measurement of the
resulting deflection.
4.3.3 Test Specimen
The test ring used in this test shall be fabricated in accordance
with Section 3.0 of this specification.
4.3.4 Test Procedure
a. Fixture Calibration - A calibration run must be conducted with
a control specimen prior to testing each lot of test specimens
to establish a calibration constant, K. . The control specimen
m
consisted of a 7075-T6 aluminum ring of known modulus.
The calibration ring is centered on the test fixture and dead-
weight-loaded in 4-ounce 114 gram Increments until a total
load of 900 grams (2 pounds) is attained. Deformation
measurement readings are noted at each 114 gram (4 oz.) load
increment and recorded.
Two calibration runs shall be performed. Plot load (P) versus
deformation measurements (A) and determine average slope (P/A)
of the two runs. Then determine the measured modulus of
elasticity, E , of the calibration ring by application of the
following formulae:
180
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DEFLECTION
INDICATOR
WEIGHT
FIGURE 4.2 RING MODULUS DETERMINATION APPARATUS
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., 1.786R3
E
, ' -T-
Modulus Calibration Constant, K = E/E Eq. 2
m m
Wherein:
2
E = measured modulus of elasticity Kg/cm (psi)
R = mid-surface radius of the calibration ring cm (in.)
W = width of the calibration ring cm (in.)
t = thickness of the calibration ring cm (in.)
p
— = average of load versus deformation, two plots from
calibration runs Kg/cm (Ib/in.)
E = corrected elastic modulus of the calibration ring
2
Kg/cm (psi)
K = modulus calibration constant
m
Note: Formula derived from "Theory of Plates and Shells",
Timoshenko, First Edition, McGraw Hill Co., 1940, page 432.
Specimen Testing - Measure specimen thickness and width by
taking a minimum three readings for each dimension and
averaging. Measurements must be obtained to the nearest
.03 mm (.001").
At random on the periphery of the test specimen locate and
mark two points 180° apart with a white ink. (Do not
physically scratch and damage specimen in any manner.) Use
a center locating square to insure the points are 180° apart.
Install the specimen in the test fixture and test for modulus
using the same procedure specified for the calibration ring in
Section 4.3.4a.
Complete two test runs on each specimen'(a check on testing
accuracy is accomplished by noting incremental readings as
each weight is removed). Plot each load versus deformation
and obtain average slope (P/A).
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All testing shall be at 21eC + 1°C (70° +2°F) unless otherwise
noted.
The modulus of elasticity of the test specimen shall be
calculated using the following formula:
E . K
wt
Wherein:
2
E = elastic modulus of composite test specimen Kg/cm
(psi)
K = calibration constant
m
R = mid-surface radius of test specimen cm (in.)
t '
w = width of test specimen cm (in.)
P(—) = average of 2 test runs, load versus deformation
Kg/on (Ib/in.)
4.4 Residual Stress Measurements in Composite Rings
4.4.1 Scope
This test method describes a technique for determining the amount
of residual flexural stress in unidirectional filament-wound
composite NOL ring.
4.4.2 Test Equipment
a. Diamond cutoff wheel
b. Steel scale, flexible, graduated in 1/100 inch.
4.4.3 Test Specimen
The test ring used in this method shall be fabricated in accordance
with Section 3.0 of this specification.
4.4.4 Test Procedure
Measure the internal diameter, width and thickness of the test
ring. Each measurement shall be the average of three individual
readings taken with an accuracy of 0.03 mm (.001")-
Determine the modulus of elasticity of the composite test specimen
using the technique described in Section 4.3.
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At random on the periphery of the composite ring, make a radial
cut with a diamond cutoff wheel through approximately 50% of the
specimen thickness. Measure the width of the saw kerf to the
nearest 0.03 mm (.001 inch) and then complete the saw cut.
Remove the ring from the saw and measure the arc length of the
overlap or breach of the free ends of the cut test specimen to
the nearest 0.03 mm (.001 inch).
Note: If the ring opens, the residual flexural stress is
composed of tension on the outer fibers, while if the ring
closes, the outer fibers are in a state of compression.
All measurements shall be conducted at 21°C +1°C (+70° +2*F)
unless otherwise stated.
Compute the residual flexure stress as follows:
Calculate new diameter, d , of cut test specimen.
L + W
A „ A _s cd = d - —
n o II
Calculate the surface strain, e , of the cut test specimen:
t(d - d )
_ o n
d d
o n
Calculate the residual flexural stress:
a = eE
Where:
d = diameter of test specimen after cutting cm (in.)
n
d = original diameter of test specimen cm (in.)
L = length of overlap (+) or breach (-) cm (in.)
s ..
W = width of saw kerf cm (in.)
c .
e = surface strain cm/cm (in/in.)
t = thickness of test specimen cm (in.)
2
E = modulus of elasticity of test specimen Kg/cm (psi)
2
a = residual flexural stress Kg/cm (psi)
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4.5 Thermal Expansion Measurements
4.5.1 Scope
This method is for the determination of the coefficient of thermal
expansion of unidirectional filament-wound reinforced composites.
4.5.2 Test Equipment
Dilattaaeter - Model TE-3000-L manufactured by Thermo-Phyaics Corp.
4.5.3 Test Specimen
Specimen shall be a unidirectional composite nominally 5.1 cm
(2") long in the fiber direction and 1.3 cm x 1.3 cm (.5x.5") in
cross section.
4.5.4 Test Procedure
Specimen length shall be measured to the nearest 0.03 mm (0.001")
and then installed in the dilatometer for test.
Specimen conditioning and testing shall be in accordance with
ASTM Test Method D696-44, "Coefficient of Linear Thermal Expansion
of Plastics" and the standard operating procedures of the Thermo-
Physics Corporation dilatometer.
Thermal expansion measurements shall be recorded continuously from
-252°C (-423"F) to +177°C (+350°F). Measurements from -195°C
(-320°F) to +177°C (+350°F) shall be made at a controlled tempera-
ture rise of 1°C (2*F) per minute. Continuous measurements from
-252°C (-423°F) to -195°C (-320°F) will be made at a known but
unprogrammed temperature rise.
Thermal expansion of each specimen shall be determined from 21°C
(+70°F) to -252'C (-423°F), from -252°C (-423°F) to +177*C (+350*F)
and then from +177'e (+350eF) to 21°C (+70°F) in a continuous run.
A permanent record of the expansion will be. obtained.
The average coefficient of linear thermal expansion over a select
temperature shall be calculated as follows:
AL
L x AT
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Where:
a = coefficient in linear thermal expansion per °C (°F)
AL = change in length of specimen over selected temperature
range
L = length of test specimen at 218C +1°C (+70°F +2°F)
AT = temperature difference in °C (°F) over which the
changes in length of the specimen are measured
4.6 Determination of Fiber Content
4.6.1 Scope
This method describes the procedure for determining the fiber
and/or resin content of PRO 49-1 fiber reinforced epoxy-resin
composites.
4.6.2 Test Equipment
a. Pyrex Erlenmeyer Flask, 250 ml capacity
b. Hot plate with magnetic stirrer.
c. Fume hood with safety glass shield
d. Aspirator and vacuum jug
e. Crucible, Gooch type with fritted disc, Pyrex glass
f. Oven, air circulating
g. Dessicator
h. Analytic balance
i. Concentrated nitric acid
j. Demineralized water
k. Methanol, filtered
4.6.3 Test Specimens
The test sample for these determinations shall be of approximately
5-6 grama. The samples shall be cut from areas representative of
the composite structure as a whole. Two separate samples shall be
obtained for each determination. (PRD 49-1 fiber reinforced
composites have a tendency to fray and fuzz' upon cutting. There-
fore, each sample shall have all cutting edges lightly sanded
with 600 grit carborundum paper to remove loose fibers and resin
prior to weighing.)
186
APPENDIX A
4.6.4 Test Procedure
Wash the specimen to remove any cutting dust and loose fibers and
then dry the specimen at +121°C (250°F) for 1 hour in an air
circulating oven.
Remove the specimen from the oven and place in a dessicator to
cool. After the specimen has reached room temperature, weigh the
sample on an analytical balance to four significant figures and
record.
Place the sample in a 250 ml Erlenmeyer flask and add approximately
50 ml of concentrated nitric acid. Heat the flask on the hot
plate in a hood until the acid begins to fume. Using the magnetic
stirrer to provide agitation, maintain the acid temperature at
the fuming temperature until the resin in the sample has been
digested. The time of digestion varies between epoxy systems,
but 4 hours is generally adequate. Complete digestion is noted
by the flotation and movement.of individual fibers. After diges-
tion has stopped, remove the flask from the hot plate and cool to
room temperature.
Weigh a crucible (4.6.2e) with filter on an analytical balance to
four significant figures and then collect the fibers in the
crucible with the fritted disc by vacuum filtration using an
aspirator and vacuum jug. Be sure to wash and filter all fibers
from the flask.
Wash the fibers thoroughly with 1500 mis of demineralized water,
added a few milliliters at a time. Continue washing until
filtrate is no longer acidic. Verify by checking the pH of the
last drops of filtrate with blue litmus paper. For a final rinse,
wash the fibers with 50 ml of filtered methanol to remove surface
moisture.
Place crucible and fibers in oven and dry for 2 hours at 121°C
(250°F).
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At end of drying time, remove crucible from oven and cool to room
temperature in a dessicator.
Weigh crucible and fibers to four significant figures. The"weight
of the fibers in the original composite equals the weight of the
crucible plus the fibers minus the weight of the crucible.
The fiber content or resin content, by weight, in the original
specimen can be calculated in the following manner:
A. Wt % fiber = "eifiht of fiber in specimen
 y
Weight of original specimen
B. Wt % Resin =100 - wt % fiber
Two separate specimens .shall be run and averaged for each resin
content determination.
4.7 Specific Gravity Determination
4.7.1 Scope
This method is for the determination of the specific gravity of
filament-wound PRD 49-1 reinforced epoxy composites.
4.7.2 Test Equipment
a. Analytical Balance
b. Beaker - 500 ml ,
c. Distilled Water
4.7.3 Test Specimen
Test sample shall be approximately 5-10 gram size and shall be
cut from areas representative of the composite structure as a
whole. Two separate samples shall be obtained for each determin-
ation. (PRD 49-1 fiber reinforced composites have a tendency to
fray and fuzz upon cutting. Therefore, each sample shall have
all cutting edges lightly sanded with 600 grit carborundum paper
to remove loose fibers and resin prior to weighing.)
4.7.4 Test Procedure
Specific gravity shall be conducted per ASTM Test Method D792-66,
"Specific Gravity and Density of Plastics by Displacement".
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4.8 Short Beam Interlaminar Shear Strength Determination
4.8.1 Scope ,
The objective of this method is to determine the apparent
interlaminar shear strength of a unidirectional filament wound
composite utilizing a segment of an NOL-type composite ring.
4.8.2 Test Procedure
All testing shall be performed per ASTM Test Method D2344-69,
"Apparent Horizontal Shear Strength of Reinforced Plastics by
Short-Beam Method".
Tests will be conducted at 21-C (+70°F) , -195'C (-320°F) and
-252°C (-423°F) as prescribed in the program test plan. Specimens
shall be permitted to reach equilibrium with the environment prior
to test.
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